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^  PREFACE. 

^       A  ^  stated  in  the  Preface  to  the  First  Edition  of  this 
^    jTjL  treatise,  my  aim  in  writing  it  was  to  supply  a  hand- 
^    book  of  Geology  at  a  moderate  price,  and  in  a  form  that 
0    was  specially  adapted  for  teaching  purposes ;  a  book  with 
which  every  member  of  a  geological  class  could  provide 
himself,  and  one  upon  which  the  teacher  could  readily 
build  up  a  superstructure  of  further  geological  knowledge. 
A  text-book  of  geology  must  necessarily  be  chiefly  occu- 
pied in  presenting  known  facts  and  phenomena,  and  in 
describing  suitable  instances  or  illustrations  of  them,  but 
its  value  for  educational  purposes  must  greatly  depend 
upon  its  plan  or  system  of  arrangement,  and  upon  the 
manner  in  which  its  contents  are  presented  to  the  reader. 
The  general  arrangement  in  this  volume  is  that  which 
has  always  seemed  to  me  the  most  natural  and  the  best 
fitted  for  the  gradual  development  of  the  subject.    Dry 
'>!     details  respecting  minerals  and  rocks  are  apt  to  discourage 
^      the  young  student  if  he  is  obliged  to 'master  them  before 
^      coming  to  the  descriptive  branches  of  geology. 
-  The  arrangement  of  the  matter  in  each  chapter  has  also 

been  considered,  for  imless  the  writer  or  lecturer  forms 
for  himself  a  clear  idea  of  what  he  is  going  to  say  on  each 
separate  subject,  he  cannot  hope  to  make  it  clear  to  his 
^      readers  or  hearers. 
4  Fhysiographical  Geology  now  takes  rank  as  a  pri^lary 
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division  of  the  subject,  and  its  natural  place  in  a  text-book 
seems  to  be  immediately  after  the  sections  on  Dynamical 
and  Structural  Geology.  I  agree  with  Mr.  G.  K.  Gilbert 
of  the  U.  S.  Geological  Survey,  who  says,  "  starting  from 
geological  agencies  as  data,  we  may  proceed  in  one  direction 
to  the  development  of  geological  history,  or  in  another  to 
the  explanation  of  terrestrial  scenery  and  topography,  and 
if  the  development  of  the  earth's  history  is  the  peculiar 
theme  of  geology,  it  follows  that  the  explanation  of  topo- 
graphy or  physiographical  geology  is  of  the  nature  of  an 
incidental  result, — a  sort  of  corollary  to  dynamical  geology." 

This  volume  includes  only  the  three  branches  of  the 
subject  mentioned  above,  those  of  Falaeontological  and 
Historical  Geology  being  left  to  form  another  volume. 

At  the  time  the  First  Edition  was  written  there  were 
certain  subjects  which  it  was  necessary  to  treat  with  much 
caution,  but  during  the  last  few  years  much  light  has  been 
thrown  on  the  questions  of  Metamorphism,  Mountain- 
building,  and  the  substructure  of  the  Earth's  crust,  so  that 
more  definite  and  detailed  information  can  now  be  placed 
before  the  reader.  Other  portions  of  the  work  also  required 
fuller  treatment,  so  that  the  volume  has  been  expanded  by 
more  than  a  hundred  pages,  and  the  number  of  illustra- 
tions has  been  correspondingly  increased.  Indeed  so  much 
has  been  added  or  re-written,  that  this  edition  is  almost  a 
new  book,  but  the  same  arrangement  of  subjects  has  been 
preserved. 

In  preparing  this  edition  I  have  spared  no  pains  to 
make  it  a  reliable  handbook  for  those  branches  of  the 
science  which  it  embraces,  and  I  have  to  thank  many 
friends  for  assisting  me  in  this  object.  To  ^Professor 
Bonney  and  Eev.  0.  Fisher  my  thanks  are  especially  due 
for  aid  and  information  regarding  the  subjects  which  are 
particularly  their  own,  and  to  Professor  Bonney  I  am  also 
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indebted  for  many  hints  and  corrections  made  on  the  proofs 
of  the  second  half  of  the  book,  which  he  was  kind  enough 
to  read.  For  the  revision  of  the  chapters  on  Igneous  Bocks 
I  ajn  responsible,  but  the  alterations  have  Professor 
Bonnej's  approbation;  and  most  of  what  was  written  by 
him  for  the  first  edition  has  been  incorporated. 

Most  of  the  diagrams  have  been  drawn  by  myself ;  of 
the  other  illustrations,  some  have  been  taken  from  Dr. 
Mantell's  works,  and  others,  including  the  frontispiece^ 
from  Professor  Bonney's  "  Alpine  Eegions,"  by  permission 
of  the  author  and  publishers.  Additional  views  have  been 
obtained  for  this  edition  from  Messrs.  Cassell,  and  from 
the  publishers  of  the  "  Pictorial  Itinerary  of  North  Wales'* 
(Woodall  and  Co.,  Oswestry). 

In  conclusion,  I  need  only  add  that  I  shall  feel  grateful 
for  any  criticisms  or  suggestions  that  may  lead  to  the 
improvement  of  the  work,  should  a  third  edition  be  called 
for. 

A.  J.  Jukes-Bbowne. 

March,  1892. 
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INTEODUCTION. 

DEPINinONS  are  never  easy,  and  it  is  especiallj  diffi- 
cult to  frame  an  accurate  definition  of  Geologj, 
because  it  is  not  easy  to  limit  the  scope  of  its  application. 
Two  different  definitions  of  the  science  may  indeed  be  given ; 
one  describing  it  in  a  broad  and  comprehensive  sense,  the 
other  dealing  only  with  its  more  special  and  restricted 
meaning. 

Begarded  from  the  wider  point  of  view.  Geology  is  not 
80  much  one  separate  science  as  the  application  of  all  the 
physical  sciences  to  the  examination  and  elucidation  of  the 
structure  of  the  earth.  Mr.  Jukes  has  well  observed^ 
''that  we  might  without  impropriety  regard  all  the  physical 
sciences  as  included  under  two  great  heads,  namely,  astro- 
nomy and  geology;  the  one  comprehending  all  those  sciences 
whidi  teach  us  the  constitution,  the  motions,  the  relative 
places,  and  the  mutual  actions  of  the  astra,  or  heavenly 
bodies;  while  the  other  would  include  all  the  sciences 
which  deal  with  the  phenomena  presented  by  the  one 
astrum  on  which  we  live,  and  investigate  the  nature  and 
distribution  both  of  the  inorganic  matter  of  the  globe,  and 
of  the  living  beings  which  iiihabit  it." 

The  truth  of  this  large  and  comprehensive  view  of 
geology  is  shown  by  the  very  fact  of  its  late  appearance  in 
the  world  of  science.  The  crude  ideas  regarding  the  struc- 
ture  and  history  of  the  earth,  and  the  nature  of  fossils 
which  were  prevalent  in  the  seventeenth  and  eighteenth 
centuries,  cannot  be  dignified  by  the  name  of  geology. 
The  OeognoBy,  taught  by  Werner  in  the  latter  part  of  the 
eighteenth  century,  was  little  more  than  a  special  branch 

^  "Student's  Manual  of  Geology,"  p.  1. 
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of  mineralogy;  and  Desmarest,  though  an  opponent  of 
Werner's  views  regarding  the  origin  of  rocks,  treated  of 
geologj  under  the  head  of  physical  geography. 

It  was  not,  indeed,  until  much  progress  had  been  made 
in  all  the  physical  sciences  that  geol<^  could  possess  any 
solid  foundation  or  any  real  scientific  status.  It  was  not 
until  chemists  were  able  to  explain  the  true  nature  of  the 
mineral  substances  which  enter  into  the  composition  of 
rocks ;  untU  geographers  had  explored  the  surface  of  the 
earth,  and  natural  philosophers  had  described  the  pheno- 
mena of  volcanoes  and  earthquakes,  rivers  and  glaciers, 
tides  and  currents;  until  biologists  had  described  and 
classified  the  greater  number  of  existing  animals  and  plants 
— ^it  was  not  until  all  these  essential  data  had  been  collected 
and  studied  that  the  geologist  could  realize  the  processes 
and  operations  by  which  rocks  were  formed,  or  could  utilize 
his  discoveries  of  the  fossil  organisms  which  they  enclose. 

This  necessary  knowledge  was  not  possessed  by  anyone 
before  the  beginning  of  the  present^entury,  and.  ^son- 
sequently,  before  this  era  there  was  no  true  science  of 
geology.  Hutton's  knowledge  of  chemistry  and  mineralogy 
was  considerable,  and  his  powers  of  observation  and  gena-* 
ralization  were  truly  remarkable,  but  his  lack  of  informa- 
tion in  respect  to  other  sciences  necessarily  caused  his 
"  Theory  of  the  Earth  "  to  be  a  very  imperfect  view.  It 
was  not  till  1790  that  the  foundations  of  geology  were 
laid,  when  William  Smith  began  to  establish  the  two  great 
principles  which  have  caused  him  to  be  known  as  the  father 
of  the  science,  viz.,  the  superposition  of  stratified  rocks, 
and  the  identification  of  strata  by  their  fossil  contents; 
ever  since  that  time  materials  have  been  rapidly  accumu- 
lating for  the  construction  of  a  true  outline  of  the  history 
of  the  earth,  so  far  as  it  can  be  learnt  from  a  study  of  the 
rocks  that  compose  its  crust. 

It  does  not  follow  from  what  has  just  been  said  that 
every  individual  geologist  must  possess  a  great  and  accu- 
rate knowledge  of  the  whole  circle  of  physical  sciences ;  it 
is  only  necessary  that  this  knowledge  should  exist,  and  be 
readily  accessible,  so  that  the  geologist  can  combine  the 
results  obtained  by  other  sciences  with  his  own  special 
observations,  and  apply  them  to  the  solution  of  the  many 
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difficult  problems  which  arise  in  the  course  of  his  re* 
searches. 

Here  the  reader  may  well  ask,  what  are  the  special 
observations  which  the  geologist  makes,  and  what  is  it 
which  he  regards  as  his  special  business?  If  the  wide 
scope  already  indicated  be  properly  given  to  geology,  and 
if  it  claims  assistance  from  every  other  science  which  treats 
of  anything  belonging  to  the  earth ;  what  is  it  which  the 
geologist  teaches  to  the  students  of  these  other  sciences  in 
return  for  the  knowledge  communicated  to  him  ? 

The  answer  to  these  questions  will  show  that  geology  has 
a  more  limited  and  appUed  meaning,  which  may  be  defined 
as  follows.  Geology  in  this  sense  is  the  application  of  the 
knowledge  gained  by  the  study  of  the  existing  state  of 
things  to  the  ejiucidation  of  the  past  history  of  the  earth. 
The  geologist  takes  the  information  gained  by  others  re- 
garding the  operations  that  are  now  in  action  on  the  surface 
of  the  globe,  and  uses  this  knowledge  to  explain  the  results 
of  the  operations  which  have  taken  place  in  the  past.  In 
this  way  he  is  able  to  explain  the  manner  in  which  the 
various  rocks  have  been  formed,  and  the  processes  by  which 
they  have  acquired  their  distinctive  characters  and  their 
relative  positions. 

The  constitution  of  the  crust  of  the  earth,  and  the  his- 
tory of  its  formation,  are  thus  the  special  objects  of  his 
study  and  research,  and,  as  Mr.  Jukes  observed,  the  collec- 
tion and  co-ordination  of  the  facts  on  which  this  history  is 
founded  is  the  proper  and  peculiar  business  of  the  geolo- 
gist :  "  the  ditch,  the  cutting,  the  quarry,  the  mine,  the 
cliff,  the  gully,  the  river-bank,  and  the  mountain-side,  are 
his  Bvijects,  which  he  has  to  examine  and  dissect."  From 
the  indications  observed  in  all  natural  and  artificial  excava- 
tions, he  must  make  out  the  internal  structure  or  solid 
geometry  of  every  district,  and  note  all  the  facts  which  will 
enable  Imn  to  explain  the  geological  history  of  each  natural 
jirovince  or  area,  imtil  all  the  accessible  portions  of  the 
earth's  crust  have  been  explored  and  described,  and  the 
"  record  of  the  rocks "  has  been  read  from  beginning  to 
end. 

A  beginner  would  probably  suppose  that  in  order  to 
pursue  the  task  of  investigating  the  solid  structure  of  the 
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earth,  it  would  only  be  necessary  to  become  acquainted 
with  the  nature  and  origin  of  the  rocky  matters  of  which 
it  is  composed,  and  that  there  would  be  no  occasion  for 
studying  the  forms  of  animals  and  plants.  The  fact  is^ 
however,  that  an  acquaintance  with  organic  remains,  as 
they  occur  in  a  fossil  state,  is  even  more  necessary  for  a 
geologist  than  a  knowledge  of  inorganic  substances. 

The  cause  of  this  necessity  may  be  briefly  stated  as 
follows.  When  portions  of  the  earth's  crust  came  to  be 
examined,  it  was  found  that  the  various  rocks  of  which  it 
was  composed  were  arranged  in  a  regular  series,  the  several 
rock-groups  having  been  formed  one  after  the  other  during 
successive  periods,  each  of  long  duration.  Now,  the  mineral 
substances  produced  during  any  one  of  this  vast  succession 
of  a^es  do  not  appear  to  differ  essentially  from  those  formed 
under  like  circumstances  at  another  time.  We  cannot, 
therefore,  with  any  certainty  discover  the  order  of  time  in 
which  the  series  of  rocks  was  formed,  or  their  original  order 
of  superposition,  from  an  examination  of  their  mineral 
characters  only.  The  animals  and  plants,  however,  which 
lived  at  any  one  period  of  the  earth's  history  were  different 
from  those  which  lived  at  other  periods.  There  has  been 
a  constant  succession  of  living  beings  on  the  earth,  different 
races,  species,  and  genera  following  each  other  in  a  regular 
order,  and  when  that  order  has  once  been  ascertained  it  is 
clear  that  any  rock  containing  fossil  remains  can  be  as- 
signed to  its  proper  place  in  the  geological  series. 

There  are  few  formations  that  are  entirely  destitute  of 
fossils,  and  in  districts  where  the  relative  position  of  the 
rock-groups  is  for  any  cause  obscure,  or  where  their  original 
order  has  been  disarranged  by  the  subsequent  action  of 
disturbing  forces,  it  is  chiefly  by  aid  of  their  fossil  contents 
that  their  true  succession  and  superposition  can  be  satis- 
factorily determined. 

Practically  it  has  been  found  that  while  an  acquaintance 
with  the  characters  of  some  twenty  or  thirty  of  the  com- 
moner minerals  is  all  that  a  geologist  must  necessarily 
learn  of  mineralogy,  the  number  of  animals  and  plants, 
with  the  forms  and  names  of  which  he  will  have  to  make 
himself  familiar,  must  be  reckoned  bv  hundreds. 

From  the  foregoing  remarks  it  will  be  seen  that  before 


INTRODUCTIOX.  5 

we  can  properly  understand  the  appearances  presented  hj 
the  rocks  which  compose  the  crust  of  the  earth,  we  must 
hare  some  knowledge  of  the  agencies  bj  which  rocks  are 
now  being  formed,  and  bj  which  the  form  of  the  earth's 
surface  is  beiQg  modified.  Again,  before  we  can  attempt 
to  construct  any  history  of  the  formation  of  the  earth's 
crust  we  must  be  acquainted  with  the  leading  facts  and 
conclusions  of  Paleontology,  as  that  branch  of  the  science 
is  termed  which  deals  with  the  structure  and  classification 
of  former  existences. 

Descriptions  of  the  various  natural  operations  which  are 
now  in  progress  upon  the  earth,  and  of  the  changes  which 
they  bring  about,  were  aptly  termed  by  Sir  Charles  Lyell, 
"  the  Principles  of  Geology  "  ;  since  it  is  only  by  a  careful 
study  of  the  changes  which  are  taking  place  in  the  present 
that  we  can  hope  to  interpret  the  many  changes  which  have 
taken  place  in  the  past. 

A  knowledge  of  these  first  principles  ought,  therefore,  to 
form  the  groundwork  or  introduction  to  the  study  of  those 
subjects  which  are,  perhaps,  the  more  special  province  of 
geological  science. 

It  seems,  then,  the  most  natural  and  logical  treatment 
of  the  subject  in  the  first  place  to  describe  the  geological 
processes  which  can  be  seen  at  work  in  various  parts  of  the 
world,  and  to  show  the  student  how  these  operations  wiU 
explain  the  facts  observable  in  the  crust  of  the  earth,  and 
how  they  will  account  for  the  diversified  features  which 
its  surface  presents.  By  these  steps  we  can  proceed  to 
the  history  of  the  earth  since  it  became  a  habitable  globe, 
as  interpreted  by  means  of  the  observations  and  deduc- 
tions previously  arrived  at.  This  treatise,  therefore,  will 
be  divided  into  five  parts,  which  may  be  designated  and 
defined  as  follow. 

1.  Dynamical  Geology. — An  account  of  the  actual  results 
produced  by  the  geological  agencies  now  in  operation. 

2.  Oeognosy,  or  Structural  Geology, — Being  the  study  of 
rocks  and  rock-masses,  without  reference  to  the  geological 
time  of  their  production.  This  branch  may  be  divided 
into  two  sections :  a.  Petrology — the  study  of  the  mineral 
components  of  rocks  as  visible  in  detached  specimens. 
h.  Tectonic  Geology — ^the  study  of  rock-masses ;  their  struc- 
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tural  characters,  and  mutual  relations,  as  visible  in  the 
earth. 

8.  Physiography. — An  explanation  of  the  origin  of  hills 
and  valleys,  lakes,  escarpments,  and  mountains. 

4.  PaUeontology, — ^Under  this  head  will  be  given  an  out- 
line of  the  laws  which  govern  the  distribution  of  life,  both 
in  space  and  time ;  but  to  deal  fully  with  this  part  of  the 
subject  a  separate  volume  would  be  required. 

5.  Stratigraphy,  or  Historical  Ghology. — Being  a  chrono- 
logical account  of  the  successive  groups,  or  series  of  strata, 
which  are  found  in  the  earth's  crust.  This  will  deal  chiefly 
with  the  rocks  of  the  British  Islands,  and  will  necessarily 
be  only  a  condensed  account,  but  prominence  will  be  given 
to  those  facts  which  enable  us  to  realize  the  relative  posi- 
tions of  land  and  sea,  and  the  general  physical  geography 
of  each  geological  epoch. 


PART   I. 
DYNAMICAL  GEOLOGY. 

SECTION  I,     Changes  produced  hy  the  Influence  of 
Internal  or  Subterranean  Cauies. 
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Fig.  1.    Diagram  of  a  Segment  of  the  Terrestrial  Globe,  to  show 

its  proMible  internal  structure. 


CHAPTEE  I. 

THE   aSKEKAX.   STBlfCTirBB   OF   THE    EARTH. 

THE  Shape  of  the  Earth,  and  its  Consequences. 
— Everyone  knows,  or  should  know,  that  the  earth  has 
been  both  measured  and  weighed ;  and  that  the  form  of 
the  globe  is  not  that  of  a  perfect  sphere,  but  of  an  oblate 
spheroid.  According  to  Mr.  Clark,  the  equatorial  diameter 
of  the  earth  is  7925*604  miles  in  length,  while  the  length 
of  the  polar  diameter  is  only  about  7899-114  miles ;  the 
difference  between  them  is,  therefore,  a  little  less  than  26*5 
miles.  That  is  to  say,  that  the  polar  axis  is  almost  exactly 
26|-  miles  shorter  than  an  equatorial  axis  or  line  passing 
through  the  centre  of  the  earth  from  one  side  of  the  equator 
to  the  other :  or,  again,  as  calculated  along  radii  from  the 
centre,  an  equatorial  radius  is  about  13^  miles,  or  70,000 
feet  longer  than  a  polar  radius. 

If,  therefore,  a  true  sphere  were  to  be  described  within 
the  earth,  with  a  radius  equal  to  that  of  the  polar  radius, 
the  surface  of  this  sphere  would  lie  at  the  depth  of  70,000 
feet  below  the  actual  surface  at  the  equator. 

Now  the  deepest  soundings  in  the  ocean  are  less  than 
28,000  feet,  and  the  highest  mountain  in  the  world,  viz.. 
Mount  Everest  in  the  Himalayas,  is  only  29,000  feet  above 
the  sea.  Compared,  therefore,  with  the  bulging  protube- 
rance of  the  earth's  mass  at  the  equator,  the  irregularities 
of  its  surface,  which  we  know  as  ocean-depths  and  moun- 
tain heights,  are  obviously  small. 

It  is  aJso  seen  that  this  equatorial  bulge  of  70,000  feet, 
though  only  about  -j^  part  of  an  equatorial  radius,  repre- 
sents the  bulk  or  weight  of  an  enormous  mass  of  matter, 
and  its  existence  involves  very  important  consequences. 
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The  first  of  these  consequences  is  the  stability  of  the 
eai^th's  axis.  The  earth  isa  body  which  reyolves  upon  its 
own  axis,  that  is,  upon  an  imaginary  line  connecting  its  two 
poles,  and  this  line  is  its  shortest  diameter.  The  actual 
circumference  of  the  earth's  equator  is  about  88  miles 
greater  than  that  of  the  true  sphere  enclosed  by  it,  con- 
sequently its  linear  Telocity  is  more  rapid  than  that  of 
the  inner  sphere,  because  any  point  on  it  is  carried  round 
that  greater  space  in  the  same  period  of  time.  Any  cause, 
therefore,  which  tended  to  make  the  earth  revolve  upon 
any  other  axis  than  that  of  its  shortest  diameter,  would 
have  to  overcome  the  resistance  of  the  greater  momental 
force  residing  in  the  equatorial  protuberance ;  and  ever 
since  the  earth  first  acquired  its  present  form,  it  is  very 
difficult  to  imagine  any  cause  sufficient  to  have  produced 
this  result. 

Hence  we  may  conclude  that  the  position  of  the  earth's 
axis  has  remained  unchanged  throughout  all  geological 
time,  or  at  any  rate  that  it  has  never  varied  much  from  its 
present  position,  for  there  are  some  facts  which  are  difficult 
to  ^plain  without  imagining  a  certain  amount  of  change 
in  the  position  of  the  north  pole ;  they  cannot,  however,  be 
taken  as  proving  such  a  change,  and  the  poles  have  doubt- 
less always  been  near  their  present  positions. 

The  second  coQclusion  deducible  from  the  peculiar  shape 
of  the  earth  is  the  fact  that  it  is  almost  exactly  that  of  a 
spheroid  of  rotation  ;  in  other  words,  it  is  the  form  whiih 
the  globe  would  have  assumed  had  it  been  originally  a 
pasty  or  fluid  mass  revolving  with  its  present  velocity. 

The  fact  that  the  earth  has  this  form  raises  a  strong 
presumptfon  that  its  condition  was  at  one  time  sufficiently 
plastic  to  allow  it  to  adjust  its  shape  to  the  impulse  of  its 
motion ;  in  short,  that  it  was  once  in  a  fluid,  semi-fluid,  or 
pasty  condition.  Although  this  original  plasticity  is  by  no 
means  a  certainty,  yet  it  is  generally  assumed  as  a  proba- 
bility, agreeing  \  •  *y  well  with  some  other  known  facts 
which  are  in  favour  of  the  idea,  that  the  earth  has  been 
continually  parting  with  heat,  and  that  its  own  heat  was 
once  sufficient  to  keep  its  substance  in  a  molten  or  semi- 
molten  condition. 

Internal  Temperature  of  the   Earth. — Without, 
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then,  further  considering  the  question  of  tlie  possible  tern* 
perature  and  condition  of  the  earth  in  the  earliest  times, 
we  will  pass  to  a  subject  with  which  geology  is  more 
directly  concerned ;  viz.,  the  probable  condition  and  tem- 
perature of  its  interior  at  the  present  time. 

This  is,  of  coarse,  a  very  difficult  matter  upon  which  to 
obtain  any  evidence,  but  the  following  facts  tend  to  show 
that  it  consists  of  a  cool  envelope  surrounding  a  very  hot 
interior,  and  that  the  latter  possesses  a  high  temperature 
of  its  own,  quite  independently  of  any  heat  derived  from 
the  sun  or  other  external  source. 

1.  Volcanoes, — The  numerous  volcanic  orifices,  which 
occur  here  and  there  all  over  the  earth,  and  from  which 
streams  of  lava  or  molten  rock  are  so  often  poured  forth, 
prove  that  some  parts  of  the  interior  at  any  rate  are  so 
heated  that  solid  rocks  are  rendered  perfectly  fluid.  But 
the  lavas  derived  from  existing  volcanoes  form  only  a 
small  portion  of  the  bulk  of  igneous  rocks  in  the  crust 
of  the  earth,  all  of  which  have  certainly  come  from  some 
part  of  the  interior. 

2.  Temperature  of  Deep  Mines, — The  influence  of  the 
summer's  heat  or  winter's  cold  does  not  penetrate  far  into 
the  interior  of  the  earth,  and  it*  is  estimated  that<'at  a 
depth  of  about  fifty  feet  beneath  any  given  place  on  the 
earth's  sur&ce  a  thermometer  would  mark  the  same  tem- 
perature all  the  year  round. 

Below  this  limit  of  seasonal  variation,  sometimes  called 
"the  stratum  of  invariable  temperature,"  and  as  far  as 
any  mines  or  borings  have  been  carried  into  the  earth,  the 
temperature  of  the  rocks  always  increases  with  the  depth. 
This  downward  increment  of  temperature  is  not  the  same 
at  all  places,  being  sometimes  rather  more  and  sometimes 
rather  less  than  the  average,  but  there  are  many  causes 
which  would  tend  to  produce  variations  in  the  rate  at 
which  the  temperature  increases  downwards.  One  of  the 
most  important  is  that  of  the  relativ^^onductivity  of  the 
rocks,  some  kinds  of  rock  being  much  better  bedt-con- 
dnctors  than  other  kinds,  so  that  the  rate  of  increase 
varies  even  in  different  parts  of  one  boring. 

Some  of  the  earliest  observations  on  the  internal  tem- 
perature of  the  earth  were  made  by  Mr.  Henwood  in 
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the  mines  of  Cornwall  and  Devon.  The  result  of  his 
experiments  in  two  hundred  of  these  mines  showed 
that  the  average  temperature  at  different  depths  was  as 
follows : — 

Depth.  Temperatare. 

At    200  feet  .        .        .        .    About  67°  Fahr. 

„     600    , ,      62' Fahr. 

„     900    , ,      eS'Fahr. 

„  1.200    „ 78'  Fahr. 

The  average  increase  below  300  being  about  1'  Fahr.  for 
every  43  feet  of  descent.  In  the  granite  rocks,  however, 
the  temperatures  were  not  quite  so  high. 

In  a  coal-mine  at  Monkwearmouth,  Durham,  the  tem- 
perature at  a  depth  of  1,600  feet  ranges  between  78'  and 
80',  and  observations  showed  that  the  increase  in  de- 
scending from  the  surface  was  about  1'  Fahr.  for  every 
60  feet. 

In  the  Bose  Bridge  Colliery,  near  Wigan,  however,  a 
shaft  has  been  carried  down  to  a  still  greater  depth,  viz., 
2,445  feet,  and  a  careful  series  of  observations  were  made 
by  the  manager,  Mr.  Bryham,  during  the  process  of  sink- 
ing.   The  following  are*  some  of  the  results  obtained : — 

At  a  depth  of  664  feet,  a  temperature  of  66*  F. 

1,674    „  „  78' F. 

2,013    „  „  86' F. 

2,446    „  „  94' F. 

Assuming  the  surface  temperature  in  this  instance  to  be 
60'  F.,  these  observations  show  an  average  increment  of  1' 
for  everj  66  feet  of  depth. 

While,  then,  there  is  some  variation  in  the  rate  of  this 
increase  at  different  places,  it  is  an  undoubted  fact  that 
the  temperature  of  the  rocks  does  always  increase  after 
passing  below  the  first  60  feet ;  and  it  appears  that  the 
average  rate  of  thia^ncrease  of  temperature  may  be  taken 
at  about  1'  F.  for  every  61  feet  of  depth. 

3.  Temperature  of  the  waier  in  deep  iveUs  and  borings. — 
The  temperature  of  the  water  at  the  bottom  of  deep  borings 
is  in  agreement  with  this  conclusion. 

The  water  of  the  artesian  well  of  Grenelle,  near  Paris, 
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which  rises  from  a  depth  of  1,800  feet,  ha49  a  constant 
temperature  of  nearly  b2°  P.,  which  is  about  81'  hotter 
than  the  mean  temperature  of  the  ground  beneath  Paris. 
This,  therefore,  indicates  a  rate  of  increase  of  V  for  every 
58  feet  of  depth. 

Another  well  near  Paris,  at  La  Chapelle,  where  observa- 
tions were  taken  at  different  depths,  gave  the  following 
results : — 

At    330  feet  a  temperature  of  591*' P. 

„     660    „  „  62' P. 

„  1,000    „  „  66i'  P. 

„  2,200    „  „  76'  P. 

These  figures  yield  a  slower  rate  of  increase,  viz.,  only  1'  P. 
for  every  82  feet. 

At  Sperenberg,  near  Berlin,  a  boring  was  made  to  a 
depth  of  4,172  feet,  nearly  all  through  rock-salt,  and  the 
temperature  observed  at  a  depth  of  4,042  feet,  when 
corrected  for  pressure,  gave  a  resiQt  of  1'  P.  for  every  61|^ 
feet.' 

At  Kentish  Town  (London)  a  well  was  sunk  to  a  depth 
of  1,302  feet,  and  the  temperature  at  the  depth  of  1,100 
feet  was  found  to  be  69'9,  giving  a  mean  rate  of  increase 
from  the  surface  of  1*  P.  for  every  64  feet. 

4.  Hot  Springs. — The  Geysers  and  other  hot  springs 
which  are  found  in  volcanic  districts,  must  be  regarded  as 
deriving  their  heat  from  the  volcanic  focus,  and  cannot  be 
taken  as  affording  independent  evidence  of  the  internal 
temperature  of  the  earth.  Warm  springs,  however,  are 
not  confined  to  such  districts,  but  often  occur  in  localities 
which  are  far  removed  from  any  recent  or  recently  extinct 
volcanoes.  In  our  own  coimtry  the  waters  of  Bath,  with 
a  temperature  of  120**  P.,  and  those  of  Buxton,  with  a 
temperature  of  82°,  are  instances. 

There  is  little  doubt  that  the  waters  of  these  springs 
travel  upwards  through  cracks  and  fissures,  which  originate 
at  great  depths,  and  that  they  are  hot  in  consequence  of 
the  depth  from  which  they  come. 

^  For  a  fall  account  of  the  temperatiiFes  in  this  boring,  and  their 
teaching.  Bee  Fisher's  "Physics  of  the  Earth's  Crust,"  2nd  ed., 
p.  7. 
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Internal  Condition  of  the  Earth. — The  combined 
•evidence  of  all  the  preceding  considerations  leads  us  to  con- 
clude that  the  interior  of  the  earth  is  intensely  hot. 

Assuming  the  temperature  of  the  inyariable  stratum 
beneath  the  British  Isles  to  be  50*"  E. ;  and  that  below  this 
the  increase  of  temperature  continues  indefinitelj  into  the 
interior  at  the  same  rate  as  that  which  obtains  in  our  mines 
and  wells,  viz.,  about  1**  for  every  51  feet  or  103|-'*  for  every 
mile,  we  should  shortly  arrive  at  a  very  high  tem- 
perature. , 

At  a  depth  of  8,260  feet  or  less  than  two  miles,  the  rocks 
would  be  as  hot  as  boiling  water,  or  212''  F. ;  at  a  depth  of 
27  miles  they  would  be  at  a  temperature  of  2,794°,  which  is 
a  heat  sufficient  to  melt  steel ;  and  at  40  miles,  a  depth 
which  is  really  only  a  little  way  towards  the  centre  of  the 
earth,  we  should  find  a  temperature  of  4,140°,  which  is 
a  greater  heat  than  any  that  we  can  produce  at  the 
surface. 

It  does  not  follow,  howeyer,  as  a  necessary  consequence 
that  the  materials  which  exist  at  these  great  depths  would 
be  melted  at  the  same  temperature  that  would  fuse  them 
*t  the  surface,  since  the  enormous  pressure  which  they 
must  sustain  may  keep  them  solid  in  spite  of  the  heat. 

It  is  well  known  that  pressure  retards  or  raises  the 
melting-point  of  most  solids,  that  is  to  say,  an  increase  of 
pressure  increases  the  temperature  at  which  each  is  fusible. 
Very  little,  however,  is  known  about  the  exact  relations 
between  pressure  and  the  fusing-point  of  rocks,  and  it  is 
possible  that  different  substances  are  affected  by  pressure 
in  a  different  ratio. 

It  has  been  supposed  that  the  ratios  of  pressure  and 
temperature  within  the  earth  are  such  that,  below  a  certain 
depth,  the  pressure  is  only  just  sufficient  to  prevent  the 
liquefaction  of  the  rocks  by  the  temperature  proper  to  that 
depth,  so  that  any  local  cause  diminishing  the  pressure 
would  allow  of  liquefaction. 

Again,  it  is  possible  that  the  ratios  of  the  increase  of 
pressure  and  temperature  are  such  that,  at  a  certain  depth, 
the  pressure  is  insufficient  to  prevent  liquefaction,  and. 
consequently,  that  a  certain  thickness  of  the  earth's  mass 
is  liquid ;  but  that,  at  a  still  greater  depth,  the  increased 
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pressure  oreroomes  the  influence  of  beat,  and  keeps  the 
rocks  solid,  in  spite  of  increased  temperature. 

Whether  solid  or  fluid,  we  may  safely  assume  that  the 
interior  of  the  earth  has  a  very  high  temperature  of  its 
own,  and  if  this  is  so,  it  must  have  been  continually  losing 
heat  by  conduction  or  conyection  from  the  interior  to  the 
surface,  and  this  heat  must  have  been  dissipated  into 
space.  Consequently  we  are  led  back  to  the  conclusion, 
which  was  foreshadowed  on  p.  10,  that  there  was  a  time 
when  the  whole  mass  of  the  earth  was  in  a  molten  or  in- 
candescent state,  and  that  it  has  graduaUy  cooled  down  to 
its  present  condition. 

Assuming  this  to  be  the  case,  the  condition  of  the  earth's 
interior  at  the  present  time  must  depend  upon  the  mauner 
in  which  it  has  cooled,  and  Mr.  Hopkins  has  shown  that 
the  earth's  mass  must  now  be  in  one  of  three  different 
states ;  these  are,^ 

1.  A  solid  crust  with  a  fluid  interior. 

2.  A  solid  crust  and  a  solid  nucleus  with  a  fluid  inter- 
stratum. 

3.  Solid  throughout,  with  or  without  fluid  spaces  or 
cavities. 

Hopkins  concluded  that  the  balance  of  probability  was 
in  favour  of  the  last  (No.  3).  He  admitted,'  however,  that 
after  the  solidification  of  the  nucleus  there  must  have  been 
a  time  when  a  solid  external  crust  was  formed  resting  on 
an  imperfectly  fluid  mass  beneath ;  but  he  thought  that  it 
must  have  grown  to  a  thickness  of  not  less  than  800  or 
1,000  miles  at  the  present  time,  and  that  it  had  probably 
united  itself  to  the  internal  nucleus. 

He  bases  his  opinion  on  the  ground  that  the  movements 
of  precession  and  nutation  could  not  be  as  they  are,  unless 
the  crust  possessed  such  a  minimum  thickness.  8ir  W. 
Thomson,  however,  has  recently  shown  that  these  move- 
ments would  still  be  experienced  in  the  case  of  a  thin  crust 
covering  a  fluid  substratum  if  the  inner  surface  of  the  crust 
in  contact  with  the  fluid  was  not  perfectly  spherical.  If 
this  surface  was  only  slightly  irregular,  the  fluid  and  the 

»  PhiL  Trans.  Roy.  Soc,  1839. 
*  Brit.  AaaoQ,  Rep.,  p.  48,  note. 
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crust  "  would  have  sensibly  the  same  precessional  motioii 
as  if  the  whole  constituted  one  rigid  body."  ^ 

Sir  W.  Thomson  has  nevertheless  expressed  his  con- 
currence with  Mr.  Hopkins'  conclusion  IJiat  the  earth  is 
either  solid  or  possesses  so  thick  a  crust  as  to  give  it  prac- 
tical solidity.  He  considers  that  the  tide-producing  power 
of  the  sun  and  moon  is  so  great  that  if  the  thickness  of  the 
crust  was  less  than  2,000  miles,  it  would  yield  to  the  strain, 
and  would  be  subject  to  periodic  deformations  similar  to 
oceanic  tides.'  He  says  that,  "  the  solid  crust  would  yield 
so  freely  to  the  deforming  influence  of  the  sun  and  moon, 
that  it  would  simply  carry  the  waters  of  the  ocean  up  and 
down  with  it,  and  there  would  be  no  sensible  tidal  rise  and 
fall  of  water  relatively  to  land."  He  concludes  that  the 
mass  of  the  earth  "  is  on  the  whole  more  rigid  than  a  con- 
tinuous solid  globe  of  glass  of  the  same  diameter." 

Prof.  G.  H.  Darwin  has  also  investigated  the  tidal  defor- 
mation of  viscous  spheroids,  and  finds  that  Sir  W.  Thom- 
son's results  must  be  modified.  In  his  first  investigation 
(1879)  he  came  to  the  conclusion  that  the  effective  rigidity 
of  the  earth  was  great,  but  not  so  great  as  that  of  glass  or 
steel ;  and  he  adds  that  "  no  very  considerable  portion  of 
the  interior  of  the  earth  can  even  distantly  approach  the 
fluid  condition."  * 

StUl  more  recently  Prof.  Darwin  has  returned  to  the 
problem,  which  is  one  of  extreme  complexity,  and  obtains 
a  result  which  he  expresses  as  follows :  **  The  present  re- 
sult shows  that  it  is  not  possible  to  attain  anv  estimate  of 
the  earth's  rigidity  in  this  way ;  but  as  the  tides  of  the 
long  period  are  distinctly  sensible,  we  may  accept  the  inves- 
tigation in  the  "Natural  Philosophy"  as  generally  confirma- 
toiy  of  Thomson's  view  as  to  the  effective  rigidity  of  the 
earth's  whole  mass."  * 

Lastly,  Mr.  Fisher  points  out'  that  the  most  recent  obser- 
vations throw  some  doubt  on  the  actual  existence  of  the 

^  Brit.  Assoc.  Rep.,  1876.    Sectional  Address,  p.  5. 
'  Loc.  cit.,  p.  7. 
>  Phil.  Trans.,  1879.  Part  I. 
*  "Nature,"  Jan.  20th,  1887. 

'  "  Physics  of  the  Earth's  Crust,"  2nd  ed.,  p.  41,  and  Appendix, 
p.  34. 
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small  f  ortniglLtlj  tide,  on  the  theoretical  existence  of  which 
the  calculations  of  Thomson  and  Darwin  are  based.  The 
whole  matter  is,  in  &.ct,  fraught  with  so  many  difficulties 
and  uncertainties,  that  geologists  need  not  consider  the 
results  obtained  as  in  any  degree  approaching  to  mathe« 
matical  demonstrations. 

Mr.  Fisher,  moreover,  meets  the  whole  case  of  the  astro- 
nomers by  the  following  hypothesis :  he  assumes  that  there 
is  a  liquid  substratum,  suggesting  that  it  consists  not  of 
meUed  rock  only,  but  of  an  intimate  mixture  of  fused  rock 
and  gas,  the  gas  being,  in  fact,  dissolved  in  the  liquid 
magma.  This  gas  may  be  pure  hydrogen,  or  it  may  be 
some  compound  of  hydrogen,  such  as  water,  maintained  in 
the  state  of  a  gas  by  the  great  heat  of  the  interior. 

This  supposition  of  a  liquid  substratum  containing  dis- 
solved gases  is  supported  by  much  geological  evidence. 
Steam  and  gases  of  various  kinds  are  given  off  in  large 
quantities  during  volcanic  eruptions.  The  observations  of 
Siemens  on  Vesuvius  in  1878,  and  of  Fouqu^  on  the  erup- 
tions of  Santorin  (1810),  have  shown  that  hydrogen  is  one 
of  the  most  abundant  gases  in  such  eruptions.  Siemens 
concluded  that  vast  quantities  of  hydrc^en  gas,  or  of  com- 
bustible compounds  of  hydrogen,  must  exist  in  the  earth's 
interior,  and  that  portions  escape  through  the  volcanic  out- 
lets. It  is  also  supposed  to  be  the  rise  of  these  super- 
heated gases  which  keeps  the  lava  inside  a  volcano  hot  and 
liquid. 

Mr.  Fisher  therefore  assumes  the  existence  of  a  liqtdd 
substratum  which  is  saturated  with  gases,  and  is  there- 
fore expansible ;  and  he  endeavours  to  ascertain  how  such 
a  magma  would  behave  in  respect  to  the  formation  of  tides. 
The  materials  for  a  proper  examination  of  this  problem  do 
not  yet  exist — one  of  the  desiderata  being  experiments  on 
the  capacity  of  molten  rock  (such  as  slag)  for  dissolving 
gases ;  but  if  the  case  is  similar  to  the  solubility  of  certain 
gases  in  water,  and  with  certain  other  conditions  which  are 
not  improbable,  Mr.  Fisher  shows  that  there  would  not 
necessarily  be  any  tide  in  the  substratum  which  would 
affect  the  level  of  its  surface,  or  cause  any  rise  or  fall  of 
the  overlying  crust. 

Mr.  Fisher's  argument  if  soimd  is  of  great  importance  to 
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geologists,  who  have  always  felt  great  difficulty  in  account- 
ing for  various  geological  phenomena  on  the  supposition  of 
the  earth  being  a  solid  and  rigid  globe ;  they  have  always 
been  inclined  to  beUeve  in  the  liquidity  of  some  portion  of 
the  earth's  interior,  for  it  is  only  on  tiiis  assumption  that 
they  are  able  to  explain  the  occurrence  of  volcanoes,  earth- 
quakes, and  other  earth  movements,  or  the  fact  that  vol- 
canic products  are  similar  aU  over  the  world,  as  if  derived 
from  a  common  source.^ 

Assuming  the  existence  of  a  continuous  liquid  substra- 
tum, Mr.  Fisher  adduces  physical  arguments  for  supposing 
that  the  thickness  of  the  overlying  crust  is  not  everywhere 
the  same;  that  its  average  thickness  at  the  sea-level  is 
about  25  miles;  that  it  is  thicker  than  this  under  mountain 
chains,  and  thinner  under  the  oceans.  To  this  question  we 
shall  have  occasion  to  recur  in  the  sequeL 

In  this  chapter  we  have  briefly  discussed  the  views 
which  have  been  held  by  the  best  modem  authorities  re- 
specting the  structure  and  condition  of  the  earth's  interior. 
We  have  seen  that  the  most  probable  conclusions  are — 

1.  That  the  interior  is  very  hot. 

2.  That  a  portion  of  it  is  liquid,  and  forms  a  continuous 
layer  between  the  solid  crust  and  the  central  mass,  whether 
thiskt  be  solid  or  plastic  (see  fig.  1,  p.  8). 

3.  That  the  solid  crust  is  comparatively  thin. 

4.  That  the  liquid  layer  is  saturated  with  dissolved 
gases. 

It  is  obvious  that  under  such  conditions  the  earth's  crust 
is  not  likely  to  be  perfectly  rigid  and  unyielding,  and  that 
if  any  causes  exist  which  tend  to  alter  the  equilibrium  of 
the  crust,  movements  of  various  kinds  are  likely  to  be 
produced.  The  crust,  in  fact,  would  give  evidence  of 
decided  instability. 

As  a  matter  of  fact  we  know  that  such  movements  do 
take  place  all  over  the  globe.  Volcanoes  pour  forth  vast 
quantities  of  molten  matter;    earthquakes  shake  large 

^  Another  mathematician.  Professor  Harkness,  has  also  admitted 
the  force  of  the  ar^i^ments  against  the  soUdity  of  the  earth,  and 
the  possibility  of  a  thin  crust  resting  in  hydrostatic  eouilibrium  on 
a  denser  sutotratnm.  (''On  the  Solar  Parallax,"  Washington, 
1891.) 
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tracts  of  ground,  and  often  produce  permanent  changes  in 
the  relative  level  of  land  and  sea;  and  lastly,  there  is 
•evidence  to  prove  that  slow  and  gradual  movements  of  the 
crust  have  been  in  progress  over  still  larger  areas,  the  land 
being  elevated  in  one  place  and  depressed  in  another. 
Pinallj  it  will  appear  that  every  part  of  the  land  has  been 
below  the  sea  at  some  period  of  past  time,  and  is  now  dry 
land  only  because  it  has  been  elevated  by  the  movements 
above  mentioned. 

It  is  important  that  the  geological  student  should  thus 
early  realize  the  fact  of  the  instability  of  the  earth's  crust, 
proofs  of  which  will  be  given  in  the  next  four  chapters,  for 
he  will  find  evidence  of  the  strains,  pressures,  and  move- 
ments to  which  the  rocks  have  been  subjected  in  every 
branch  of  geol<^cal  study. 


CHAPTER  II. 

VOLCANOES. 

GENERAL  Form  and  Structure. — A  volcano  may 
be  defined  as  a  conical  pile  of  materials  which  have 
been  ejected  from  the  orifice  of  a  pipe  or  fissure  communi- 
cating with  a  highly  heated  portion  of  the  earth's  crust 
below.  The  materials  composing  the  cone  are  chiefly  frag- 
ments of  rock  which  have  been  violently  discharged  into  the 
air,  and  have  fallen  on  all  sides  round  the  centi*al  orifice  or 
crater  as  it  is  called.  Every  eruption  adds  to  the  pile  and 
increases  the  height  and  magnitude  of  the  volcano ;  great 
blocks  as  well  as  small  stones,  cinders,  and  ashes  are  thrown 
up  and  fall  on  all  sides  of  the  mountain.  Floods  of  lava 
now  and  then  boil  up,  and  either  break  through  the  sides 
of  the  cone  or  run  over  the  lip  of  the  crater,  and  flow 
down  into  the  adjacent  country  in  the  form  of  lava  streams. 
Successive  eruptions  frequently  take  place  from  the  same 
vent,  but  minor  cones  are  often  formed  on  the  flanks  of  the 
larger  one,  and  lesser  eruptions  proceed  from  them. 

Volcanoes  are  sometimes  isolatedmountains like  Vesuvius 
and  Etna,  but  are  more  frequently  arranged  as  a  row  of 
cones  and  peaks  along  straight  or  slightly  curved  lines,  as 
if  they  had  been  thrown  up  at  intervals  along  the  course  of 
great  linear  fissures  in  the  earth's  crust;  such  are  the 
chains  of  the  Andes,  the  Aleutian  Islands,  and  the  Malay 
Archipelago.  These  lines  of  volcanic  vents  sometimes  seem 
to  radiate  from  a  special  volcanic  centre. 

If  we  could  make  a  vertical  cut  or  section  through  a  vol- 
canic hill,  so  as  to  lay  open  its  internal  structure  £rom  the 
summit  to  the  ground  it  rests  upon,  we  should  find  this 
structure  to  be  similar  to  that  suggested  in  the  diagram^ 
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fotmd,  which  consists  almost  entirely  of  lava-flows.  Suck 
a  volcano  does  not  form  a  conical  mountain,  btlt  a  broad 
low  dome-shaped  one,  its  slopes  being  seldom  steeper  than 
10°,  whereas  those  of  ordinary  volcanoes  often  slope  at 
angles  of  28''  and  30°.  Volcanoes  of  this  type  do  not 
possess  a  true  crater,  but  only  a  central  pit  or  ccUdera,  and 
though  the  lava  sometimes  issues  from  this,  it  more  often 
breaks  forth  from  the  flanks  of  the  dome.  The  lavas 
ejected  from  these  openings  sometimes  accumulate  till  they 
form  a  huge  mound-shaped  mass  many  thousand  feet  high,, 
and  covering  an  immense  area  of  ground.  Fig.  3  repre- 
sents the  outline  of  such  a  mound,  in  which  the  solidified 
lava-flows  would  show  in  section  as  so  many  overlapping 
lenticular  cakes  intersected  by  dykes  of  lava  leading  up  to 
the  orifices  from  which  the  lavas  have  issued. 

Phenomena  of  an  Eruption. — The  two  types  of 
volcanic  vents  above  described  correspond  with  certain 


Fig.  3.    Outline  of  a  Lava-Moantain  (Moimt  Loa,  Hawaii). 

special  characteristics  of  the  eruptions  by  which  they  have 
been  formed :  the  one  kind  may  be  termed  explosive  erup- 
tions, and  the  other  kind  non-explosive  eruptions. 

A.  Explosive  ErwptionB, — These  usually  exhibit  the  fol- 
lowing succession  of  phenomena.  The  first  intimations  of 
the  disturbance  are  generally  loud  rumbling  sounds  which 
seem  to  proceed  from  the  interior  of  the  mountain.  Shocka 
of  earthquake  frequently  succeed  these  noises ;  the  water  in 
wells  and  springs  sink  down  in  consequence  of  the  opening 
of  rents  and  fissures  below ;  and  finally,  owing  to  the  trans- 
mission of  submarine  shocks,  the  sea  often  ebbs  and  flowa 
in  an  unnatural  manner. 

After  these  general  disturbances,  which  are  sufficiently 
alarming,  the  phenomena  begin  to  be  concentrated  in  the 
crater,  and  usually  occur  in  the  following  order : — 

1.  An  explosive  discharge  of  steam,  falling  in  rain. 

2.  A  discharge  of  dust,  ashes,  and  stpnes. 

3.  The  ejection  of  larger  blocks  with  heavier  explosions : 
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at  the  same  time  the  red  glow  of  the  lava  rising  in  the 
funnel  lights  up  the  vapour-clouds  abore,  and  produces  the 
appearance  of  flames. 

4.  The  lava  rises  and  finds  egress  either  from  the  crater 
or  from  lateral  openings. 

5.  When  the  flow  of  lava  ceases  there  is  frequently  a 
discharge  of  black  sand  or  comminuted  pumice.  In  some 
cases  the  eruption  does  not  proceed  farther  than  stage 
No.  2  ;  but  in  violent  eruptions  there  is  a  continued  repeti- 
tion of  heavy  explosions  and  outflows  of  lava. 

Some  volcanoes  are  in  a  state  of  constant  activity,  small 
explosions  taking  place  incessantly  at  short  intervals,  while 
occasionally  more  violent  outbursts  occur,  and  streams  of 
incandescent  lava  are  poured  forth.  In  other  cases  periods 
of  quiescence  alternate  with  periods  of  activity,  and 
when  eruptions  do  occur  they  are  generally  of  a  violent 
description. 

From  the  records  which  we  possess  relating  to  the  Italian 
volcanoes,  it  would  appear  that  the  same  volcanic  centre 
may  exhibit  both  phases  at  different  times ;  the  eruptions 
being  sometimes  incessant  and  of  moderate  intensity  for  a 
long  time,  then  ceasing,  and  a  state  of  quiescence  ensuing, 
which  is  broken  by  a  more  Tiolent  outburst.  It  has  been 
noticed^  indeed,  that  there  is  a  distinct  relation  between  the 
violence  of  an  eruption  and  the  length  of  the  intervening 
periods  of  repose,  so  that  the  following  rules  may  be  laid 
down :  * — 

1.  Feeble  and  short  eruptions  usually  recur  at  brief 
intervals. 

2.  Violent  or  long-continued  eruptions  are  generally 
followed  by  long  periods  of  repose. 

3.  A  long  period  of  repose  is  often  succeeded  by  an  erup- 
tion which  is  either  of  long  duration  or  of  great  violence. 

Trtmcation  of  the  Gone. — Sometimes  a  violent  outburst 
of  the  volcanic  force  will  blow  the  upper  part  of  the  cone 
completely  away,  and  thus  destroy  what  it  has  taken  ages 
to  build  up.  Ilie  volcano  then  presents  the  appearance  of 
a  truncated  cone  with  a  huge  gaping  hollow  in  the  centre. 
Subsequent  eruptions,  however,  repair   the  damage  by 

*  See  "  Volcanoes,"  by  J.  W.  Judd,  p.  33. 


M 


24  DYNAMICAL  QEOLOGY.  [SBC.  I. 

forming  a  new  cone  in  the  interior  of  the  great  hollow ;  so 
that  the  mountain  eyentnallj  consists  of  a  lofty  circular 
ridge  surrounding  a  central  depression,  from  the  floor  of 
which  rises  the  new  and  active  Yolcanic  cone  (as  indicated 
in  fig.  4).  This  formation  of  a  new  cone  within  an  older 
truncated  one  is  of  frequent  occurrence  in  the  history 
of  volcanoes.  Vesuvius  is  known  to  have  presented  this 
appearance  at  several  periods,  and  is  even  now  partially 
surrounded  by  the  old  crater-ring  called  Monte  Somma 
(see  fig.  5). 

Barren  Island,  in  the  Bay  of  Bengal,  is  an  excellent 
instance  of  this  form  of  volcano,  as  represented  in  fig.  4. 
Here  the  whole  central  part  of  the  mountain  has  been 
blown  out  by  one  tremendous  explosion,  the  outline  which 
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Fig.  4.    Outline  of  Barren  Island,  after  Scrope. 

the  cone  must  have  originally  possessed  being  indicated  by 
the  dotted  line. 

The  Peak  of  Teneriffe  is  another  example  in  which  the 
central  cone  rises  &.r  above  the  encircling  ring  of  the  older 
truncated  mountain. 

B.  Nan-Esq^losive  Eruptions, — ^These  are  not  generally 
preceded  by  any  violent  disturbances,  though  occasionally 
earthquakes  of  some  severity  occur.  As  a  rule  also  there 
are  no  explosive  discharges  of  steam,  dust,  or  stones,  but 
sometimes  small  discharges  of  this  kind  are  thrown  up 
from  points  along  the  fissures  which  are  rent  through  the 
mountain.  The  rise  of  the  lava  in  the  central  pipe  of  the 
volcano  is  generally  slow,  sometimea  rising  and  falling 
again,  till  it  either  flows  over  the  lip  of  the  caldera  or  bursts 
a  passage  at  some  point  lower  down.  When  the  latter  is 
the  case,  it  is  forced  up  in  jets  or  fountains  of  red-hot  liquid, 
from  which  rivers  of  lava  course  down  the  slopes ;  these 
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lavas  being  generally  so  fluid  that  thej  form  streams  50 
or  60  miles  in  length.  Our  knowledge  of  these  kind  of 
eruptions  is  chiefly  derived  from  the  volcanoes  of  Hawaii  in 
the  Pacific  Ocean. 

Products  of  an  Eruption. — ^These  may  be  classified 
and  described  in  the  following  order : — 1.  Steam  and  gases ; 
2.  Stones  and  ashes ;  3.  Lava. 

1.  Steam  and  Oases. — ^During  an  explosive  eruption 
steam  is  always  discharged  in  great  quantities,  bursting 
forth  with  a  roaring  sound  from  the  crater,  and  sometimes 
also  from  vents  and  fissures  on  the  sides  of  the  mountain. 
The  perpendicular  uprush  of  steam  from  the  crater  spreads 
out  above  into  a  great  horizontal  cloud  of  vapour,  the  out- 
line of  the  column  and  doud  together  seen  from  a  distance 
bearing  much  resemblance  to  that  of  a  pine-tree  very 
common  in  Italy,  and  known  as  the  stone-pine  (see  fig.  5). 

Around  this  column  vivid  flashes  of  lightning  are 
constantly  playing,  the  electricity  being  produced  by  the 
friction  of  the  uprushing  current  of  steam  as  it  escapes 
through  the  shaft  or  funnel  of  the  volcano,  and  partly 
also  by  the  collision  of  the  fragments  which  are  carried 
upward  with  it.  The  air  at  length  becomes  loaded  with 
vapour  which  falls  in  heavy  rain,  thunder-storms  are  fre- 
quent, and  great  floods  are  thereby  occasioned.  The  rain- 
water courses  down  the  slopes  and  sweeps  along  the  loose 
volcanic  dust  and  ash,  forming  muddy  torrents,  which  often 
work  more  damage  and  destruction  than  the  streams  of 
lava. 

Besides  steam  the  following  gases  are  emitted  from 
volcanoes: — carbonic  acid,  hydrochloric  acid,  sulphurous 
acid,  sulphuretted  hydrogen,  and  boradc  acid;  together 
with  hydrogen,  nitrogen,  and  ammonia.  By  the  action  of 
these  gases  on  the  materials  of  the  cooling  lavas  and 
surrounding  rocks,  a  number  of  secondary  products  are 
formed,  consisting  of  the  chlorides  and  sulphates  of  various 
earths,  sulphur  and  sulphides  of  certain  metals.  When 
sulphurous  acid  and  sulphuretted  hydrogen  come  into  con- 
tact with  each  other,  a  chemical  action  takes  place,  which 
results  in  the  formation  of  water  and  sulphuric  acid,  and 
the  liberation  of  a  certain  amount  of  pure  sulphur.  This 
sulphur  remains  in  the  fissures  and  cavities  where  the  com- 
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bination  takes  place,  the  water  is  evaporated,  and  the  suU 
phuric  acid  forms  sulphates  by  combining  with  lime,  iron^ 
soda,  and  other  substances. 

2.  Fragmented  Products. — The  solid  materials  ejected 
during  an  eruption  are  of  yarious  sizes  and  kinds.  Some 
are  fragments  of  the  rocks  which  underlie  the  volcano^ 
such  as  limestone  or  shale.  These  have  been  broken  off, 
and  blown  out  by  the  force  of  the  explosions ;  but  the 
greater  number  of  the  ejected  fragments  are  pieces  of  molten 
rock  or  lava.  The  viscid  scum  which  forms  on  the  sur- 
face of  the  rising  lava  prevents  the  free  escape  of  the  steam 
which  is  constantly  ascending  through  the  mass ;  the  steam, 
therefore,  collects  into  great  bubbles,  which  eventually 
burst,  and  the  pressure  being  then  relieved,  a  genersd 
escape  of  steam  takes  place  with  explosive  violence,  and 
fragments  of  the  semi-liquid  material  are  hurled  high  into 
the  air.  Among  these  there  are  sometimes  blocks  of  lai^e 
size,  which,  rotating  as  they  rise,  come  to  assume  a 
spheroidal  form  ;  these  are  called  volcanic  bombs.  Smaller 
cindery  fragments  are  termed  cinders  or  scorice.  Some  of 
these  blocks  and  cinders  fall  outside  the  crater ;  but  many 
fall  inside,  and  are  ejected  again  and  again,  hurtling  against 
one  another  in  the  air,  till  they  are  reduced  to  fragments  of 
still  smaller  dimensions  (lapiUi),  while  great  quantities  of 
mere  dust  and  ash  are  produced  at  the  same  time. 

The  accumulations  of  coarser  debris  include  fragments  of 
all  sizes,  and  form  the  rock  known  as  volcanic  agglomerate^ 
In  some  cases  blocks  derived  from  the  strata  underlying  the 
volcano  are  very  numerous,  but  according  to  Mr.  Johnston- 
Lavis  they  are  only  ejected  during  very  violent  explosive 
eruptions,  when  the  pit  of  the  crater  extends  down  into  the 
foundation  rocks.  "  Another  group  of  ejected  blocks  con- 
sists of  coarsely  crystalline  varieties  of  the  lava  that  usually 
issues  from  the  volcano,  and  these  are  no  doubt  portions  of 
the  magma  that  have  cooled  as  dykes  during  a  period  of 
quiescence,  and  have  subsequently  been  torn  off  by  ex- 
plosions." ^  The  stones  and  cinders  which  fall  on  the  in- 
ward slopes  of  the  crater  roll  down  again  into  its  mouth ; 

^  JohnBton-Lavifl  on  <*  Ejectamenta  of  Volcanoes,"  Proc*  Geol. 
Assoc.,  vol.  ix.  p.  432. 
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and,  at  the  close  of  an  eruption,  the  crater  and  funnel 
are  sometimes  choked  up  with  an  agglomerate  of  these 
materials. 

The  rain,  which  is  constantly  falling  during  a  long-con- 
tinued eruption,  mingles  with  the  fine  volcanic  dust,  and 
produces  a  peculiar  pastj  kind  of  mud,  which  sets  into  a 
firm,  but  light  and  porous  stone,  and  is  known  by  the  name 
of  tuff  or  tufa.  It  often  encloses  and  is  partly  made  up  of 
lapilH,  scoriee,  and  broken-  crystals,  and  is  then  generally 
known  as  volcanic  ash,  or  by  the  French  dnerite,  and  by 
the  Italians  peperino. 

The  more  liquid  and  glassy  lavas,  when  distended  by  the 
formation  of  steam,  give  rise  to  a  kind  of  lava-foam  or  froth, 
which  is  often  ejected  in  large  quantities,  and  when  cooled 
forms  the  porous  grey  or  whitish  substance  known  as 
pumice.  "  What  really  occurs,"  says  Mr.  Johnston-Lavis, 
''  is  an  intermolecular  separation  of  the  dissolved  water,  its 
conversion  into  steam,  and  its  union  in  bubbles  of  all  sizes, 
which,  owing  to  the  rapid  cooling,  are  prevented  from 
escaping  except  on  the  surface,  as  is  shown  by  the  more 
compact  crust  of  pumice-masses.'*     (Op.  cit.  p.  424.) 

A  strong  wind  blowing  at  the  time  sometimes  causes  a 
greater  accumulation  on  one  side  of  the  mountain  than  on 
the  other.  The  finer  dust  and  powder  is  often  ejected  to 
such  a  height  as  to  be  carried  by  the  upper  currents  of  the 
atmosphere  for  hundreds  and  even  thousands  of  miles 
before  being  dropped.  In  1835  the  dust  and  ashes  from 
Coseguina,  in  Nicaragua,  fell  in  the  streets  of  Kingston, 
Jamaica,  700  miles  distant,  while  the  ground  for  30  miles 
south  of  the  volcano  was  covered  with  a  layer  ten  feet 
thick,  destroying  the  woods  and  dwellings,  and  enveloping 
thousands  of  animals  which  were  unable  to  escape  from  the 
sudden  fall  of  the  dense  dust-cloud. 

During  the  eruptions  of  1874-75  in  Iceland,  large  tracts 
of  the  adjoining  country  were  covered  with  a  thick  blanket 
of  ashes,  and  fine  dust  fell  in  considerable  quantities  over 
certain  parts  of  Norway  and  Sweden. 

The  great  eruption  of  Erakatau,  between  Java  and 
Sumatra,  in  1883,  is  memorable  not  only  for  its  terrific 
violence  and  destructive  force,  but  for  the  prodigious 
quantities  of  dust  and  pumice  which  were  ejected ;  the  dust 
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was  carried  into  the  higher  regions  of  the  air  and  travelled 
to  immense  distances,  producing  atmospheric  phenomena 
over  the  greater  part  of  the  globe ;  the  amount  of  pumice 
was  so  great  in  the  Straits  of  Sunda  that  vessels  had  some 
difficultjin  forcing  their  way  through  it,  and  thence,  floating 
on  the  water,  it  was  driven  by  the  winds  and  currents  over 
the  greater  part  of  the  Indian  Ocean. 

3.  Lavas, — Lava-streams  vary  considerably  in  their  de- 
gree of  fluidity,  and,  consequently,  in  the  rapidity  with 
which  they  flow.  In  some  cases  the  lava  is  so  liquid  that 
it  pours  rapidly  down  the  slopes  of  the  cone  like  a  river, 
and  flows  far  out  from  the  base  of  the  volcano ;  but  more 
usually  it  only  preserves  its  fluidity  for  a  short  distance 
from  the  point  of  exit,  a  rough  slaggy  crust  quickly  form- 
ing over  the  surface  of  the  eoulee,  though  the  lava  beneath 
is  still  viscid,  and  the  whole  mass  continues  to  move 
forward. 

A  viscous  lava  which  is  saturated  with  gas  always  has  a 
rough,  dndery,  and  vesicular  crust,  so  much  so  that  its  sur- 
face is  sometimes  broken  up  by  the  rapid  movement  into 
large  dndery  blocks  with  sharp  ragged  projections.  The 
lower  end  of  such  a  stream  has  been  described  as  a  slowly- 
moving  mass  of  loose  porous  blocks,  gradually  rolling  and 
tumbling  over  each  other,  with  a  loud  rattling  noise,  as  they 
are  forced  along  by  the  pressure  of  the  viscid  mass  of  cool- 
ing lava  below.  A  more  liquid  lava,  containing  less  gaseous 
matter,  generally  has  a  crust  that  is  wrinkled  and  twisted 
into  ropy  forms,  such  as  are  .often  seen  on  the  sui-f aces  of 
artificial  slags. 

The  liquidity  of  a  lava  seems  to  depend  partly  on 
chemical  composition,  partly  on  the  amount  of  gaseous 
matter  which  it  includes,  and  partly  on  the  temperature  it 
possesses  at  the  time  of  ejection.  As  regards  chemical 
composition,  lavas  differ  principally  in  the  amount  of  silica 
they  contain,  which  varies  from  about  45  to  80  per  cent. 
Those  with  a  high  proportion  of  silica  are  known  as  acid 
lavas,  and  when  cooled  they  form  Bhyolite  and  Obsidian ; 
those  with  only  45  to  55  per  cent,  of  silica  are  termed  basic 
lavas,  and  when  cooled  they  form  Basalt  and  its  varieties. 
Between  these  two  extremes  there  are  various  intermediate 
kinds,  such  as  form  Trachyte  and  Andesite. 
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The  amount  of  gas  and  steam  given  off  during  an  erup- 
tion, and  from  the  surface  of  lava-flows,  varies  considerably. 
Many  lavas,  such  as  those  of  Vesuvius,  are  so  saturated 
with  water-gas  that  the  flowing  lava  is  often  quite  concealed 
from  view  in  a  dense  cloud  of  steam,  which  is  blown  off  from 
hundreds  of  small  vents  and  spiracles  all  over  the  surface 
of  the  stream.  Other  lavas,  both  acid  and  basic,  well  up 
more  quietly,  and  contain  but  little  steam  or  gas,  or  else 
they  part  with  it  in  a  less  explosive  manner. 

Lastly,  as  to  the  temperature  of  lavas  at  the  moment  of 
issue,  there  is  little  doubt  that  this  differs  in  different  cases 
and  places,  but  its  actual  amount  in  any  case  has  not  yet 
been^scertained.  owing  to  the  difficultiis  of  obserration. 
Copper  wire  has  been  melted  in  lava  which  indicates  a  heat 
of  about  2,200''  F.  The  complete  fusion  of  the  basic  slags 
which  are  formed  in  an  iron  furnace  occurs  at  about 
2,700°  F.,  and  we  may  therefore  assume  that  the  tempera- 
ture of  liquid  basic  lava  is  at  least  as  much,  while  for  the 
fusion  of  an  acid  lava  a  greater  heat  must  be  necessary. 

Lavas,  however,  are  not  always  in  a  state  of  complete 
fusion ;  observations  have  shown  that  it  often  consists  of  a 
pasty  or  semi-fluid  mass,  in  which  are  floating  a  number  of 
crystals  and  crystalline  particles  of  several  different 
minerals.  These  crystals  bear  evidence  to  having  been 
formed  under  great  pressure,  and  in  the  presence  of  super- 
heated steam  or  gas,  and  have  evidently  originated  while 
the  lava  was  in  the  pipe  of  the  volcano.  As  the  lava  cools 
the  pasty  mass  also  crystallizes,  and  forms  a  finely  crystalline 
stone  enveloping  the  larger  separate  and  previously-formed 
crystals. 

As  all  rock  is  a  bad  conductor  of  heat,  so,  when  the  crust 
has  once  formed,  the  internal  portion  of  the  lava-stream 
always  remains  hot  for  a  long  period  of  time.  The  process 
of  solidification  is,  therefore,  a  very  gradual  one ;  and  a 
great  thickness  of  lava  takes  a  proportionately  long  time  to 
cool,  and  solidify  into  stone.  Natural  sections  of  lava- 
streams  in  cliffs  or  ravines  show  that  the  upper  and  lower 
layers  of  the  cooled  mass  are  always  more  or  less  vesicular 
and  scoriaceous,  while  the  central  portion  is  a  hard,  com- 
pact, and  frequently  a  crystalline  stone. 

The  gradual  cooling  of  the  lava  causes  it  to  contract,  and 
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leads  to  the  production  of  cracks,  which  traverse  the  whole 
mass  from  top  to  bottom.  These  are  sometimes  so  regular 
as  to  split  the  mass  up  into  a  series  of  hexagonal  prisms  or 
rude  columns,  similar  to  those  assumed  by  starch  and  other 
substances  in  passing  slowly  from  a  fluid  to  a  solid  state. 
This  structure  will  be  more  particularly  described  in 
Partn. 

Slow-moving  lavas  are  frequently  congealed  before  they 
arrive  at  the  base  of  the  cone,  but  the  more  liquid  lavas 
often  flow  to  a  distance  of  many  miles  from  the  point  of 
eruption.  Some  lava-currents  from  Vesuvius  are  said  to 
have  flowed  a  mile  and  a  half  in  fourteen  minutes,  and 
others  a  distance  of  nearly  two  miles  in  the  space  of  three 
hours.  The  stream  which  issued  from  one  of  the  lateral 
cones  of  Etna,  and  destroyed  Catania  in  1669,  was  14  miles 
in  length,  with  a  width  of  5  miles  in  some  places.  The  floods 
of  lava,  however,  which  issued  from  Skaptar  Tokul  in 
Iceland,  in  the  year  1783,  are  the  most  extraordinary  on 
record.  One  of  these  lava-streams  was  50  miles  long,  with 
a  width  of  from  12  to  15  miles ;  another  was  40  miles  long, 
with  an  occasional  width  of  7  miles ;  both  had  an  average 
depth  of  100  feet,  increasing  here  and  there  in  narrow 
ravines  to  a  depth  of  500  or  600  feet. 

Formation  of  Lava-filled  Fissures. — The  position 
which  volcanoes  apparently  hold  in  relation  to  lines  of 
fissure  in  the  earth's  crust  has  already  been  mentioned ; 
and  the  dykes  which  traverse  the  cone  itself  have  been 
spoken  of  as  cracks  injected  with  lava.  The  actual  forma- 
tion of  such  fissures  has,  indeed,  been  observed ;  and  Sir 
Charles  Lyell  gives  the  following  account  of  one  which 
opened  in  the  plain  of  St.  Lio,  near  Etna :  ^ — "  A  fissure 
6  feet  broad,  and  of  unknown  depth,  opened  with  a  loud 
•crash,  and  ran  in  a  tortuous  course  to  within  a  mile  of  the 
summit  of  Etna.  Its  direction  was  from  north  to  south, 
and  its  length  12  miles.  It  emitted  a  most  vivid  light,  in- 
dicating that  the  fissiure  was  filled  with  incandescent  lava, 
probably  to  the  height  of  an  orifice  not  far  from  Monte 
itossi,  which  at  that  time  opened  and  poured  out  a  lava- 
^nirrent.    When  the  melted  matter  in  such  a  rent  has 

t  «  Principles  of  Gkology,"  tenth  edition,  vol.  iL  p.  21. 
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cooled,  it  must  become  a  solid  wall  or  djke,  intersecting 
the  older  rocks  of  which  the  motmtain  is  composed."  There 
is  eyery  reason  to  believe  that  the  fissures  over  which  vol- 
canoes stand  are  similarly  filled  with  molten  rock,  and  are» 
in  fact,  the  feeders  or  reservoirs  of  the  volcanic  vents.  On 
the  cessation  of  volcanic  activity  in  the  district  these  lava- 
filled  fissures  must  remain  as  enormous  dykes,  extending 
for  long  distances,  and  cutting  through  all  the  rocks  of 
which  the  coimtry  is  composed.  Such  dykes  are  sometimes 
found  extending  for  distances  of  50  or  100  miles  across  the 
country ;  and  in  Iceland,  during  the  eruption  of  Skaptar 
Yokul,  in  1783,  **  lava  was  emitted  consecutively  at  several 
points  on  a  linear  range  of  200  miles,"  a  lava-filled  fissure 
doubtless  extending  throughout  the  whole  of  this  distance,, 
and  now  remaining  as  a  BoUd  dyke.^ 

Such  dykes,  as  Lyell  observes,  may  be  called  the  roots  of 
the  volcano,  reaching  downwards  to  the  regions  of  subter- 
ranean ^e,  while  the  external  cone,  with  its  lava- streams 
and  loose  ashes,  may  be  likened  to  the  branches  and  light 
foliage ;  and,  to  complete  the  simile,  we  may  consider  the 
central  pipe  or  chimney  to  be  the  stock  or  trunk  of  the 
volcanic  tree  through  which  the  lava-sap  rises  from  the 
deep-seated  roots  to  feed  the  sub-aerial  branches. 

Exciting  Causes  of  Volcanic  Action.^This  is  rather 
an  abstruse  subject  upon  which  to  enter  near  the  begin- 
ning of  a  treatise  on  Geology,  but  we  shall  endeavour  to 
put  the  results  of  recent  researches  as  simply  and  briefly 
as  possible.  With  respect  to  the  immediate  cause  of  erup- 
tion— that  is  to  say,  the  force  which  causes  the  explosions,, 
and  raises  the  lava  in  the  volcano — there  is  a  general  agree- 
ment of  opinion,  and  this  has  been  so  well  expressed  by 
Professor  Judd  that  his  words  are  here  quoted :  *  "  That  the 
molten  materials  which  issue  from  volcanic  vents  have 
absorbed  enormous  quantities  of  steam  and  other  gases  we 
have  the  most  indisputable  evidence.  The  volume  of  such 
gases  given  off  during  volcanic  outbursts,  and  while  the 
lava  streams  are  flowing  and  consolidating,  is  enormous. 
...  It  is  to  the  violent  escape  of  these  gases  from  the 

*  Scrope,  **  Volcanoes,"  p.  62. 

^  ''Volcanoes,"  Intemat  Scientific  Series,  second  edition,  p.  357. 
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molten  rock-masses,  a^  the  pressure  upon  them  is  relieyed, 
that  nearly  all  the  active  phenomena  of  volcanoes  must  be 
referred ;  and  it  was  the  recognition  of  this  fact  by  Spal- 
kanzani,  while  he  was  watching  the  phenomena  displayed 
in  the  crater  of  Stromboli,  which  laid  the  foundations  of 
the  science  of  Vnlcanology." 

But  other  questions  here  present  themselves :  at  what 
point  and  in  what  manner  did  the  gaseous  material  gain 
access  to  the  molten  rock»  and  how  did  it  come  to  be 
occluded  or  confined  within  it  ?  It  has  been  supposed  that 
the  water  might  be  supplied  by  a  downward  percolation 
from  the  oceans  and  other  surface  waters,  and  that  even  at 
great  depths  a  capOlary  conduction  of  water  would  still, 
take  place  toward  the  earth's  interior ;  but  although  there 
is  much  evidence  to  show  that  surface  waters  do  penetrate 
to  great  depths,  and  that  they  do  actually  gain  access  to 
the  ducts  of  volcanoes  when  once  these  have  been  esta- 
blished, yet  it  is  impossible  to  conceive  that  water  could 
penetrate  the  solid  crust  of  the  earth  to  a  depth  of  25  or 
30  miles,  so  as  to  become  the  initial  cause  of  volcanic 
action.  Not  the  minutest  crack  or  interstitial  space  can 
exist  at  a  depth  where  the  rocks  must  be  in  a  plastic  con- 
dition under  the  influence  of  enormous  heat  and  pressure. 
If  we  could  imagine  the  existence  of  cavities  at  such 
depths,  capillary  action  might  be  set  up ;  but  this  seems 
to  be  impossible.^ 

It  is  much  more  likely  that  the  water-substance  is  dis- 
solved or  occluded  in  a  liquid  substratum  of  fused  rock, 
its  presence  there  being  accounted  for  in  the  same  way  as 
the  presence  of  other  oxygen  compounds,  that  is  to  say, 
its  materials  existed  originally  in  the  form  of  oxygen  and 
hydrogen  gases,  and  it  is  onlv  when  and  where  conditions 
allow  of  their  combination  that  water-substance  is  formed. 
If  the  conditions  of  the  liquid  substratum  have  allowed  of 
this  combination,  the  water  is  still  a  gas  dissolved  in  the 
liquid,  for  it  is  a  well-known  fact  that  all  liquids  can  absorb 
large  quantities  of  gaseous  matter,  and  that  the  quantity 
so  absorbed  (though  not  the  volume)  is  increased  by  pres- 

^  For  a  refatation  of  the  theory  of  capillarypenetration  and  vol- 
canic action  suggested  by  M.  Danbr^e,  see  Fisher's  ''Physics  of 
the  Earth's  Crust,'*  second  edition,  p.  143. 
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sure.  On  the  relief  of  presstire,  the  expansion  of  the 
water-gas  would  lessen  the  specific  grayitj  of  the  liquid 
and  enable  it  to  rise,  while  if  it  reached  the  surface  ex- 
plosive ebullition  might  take  place. 

That  the  escape  of  such  occluded  gas  can  produce  vol- 
canic action  we  have  an  interesting  demonstration  in  the 
phenomena  exhibited  by  cooling  sulphur  during  the  process 
of  its  extraction  from  soda-residues.  The  molten  sulphur 
is  exposed  to  a  temperature  of  262°  F.  and  a  pressure  of 
two  or  three  atmospheres,  in  the  presence  of  steam.  Under 
these  circumstances  it  is  found  that  the  sulphur  absorbs  a 
considerable  amount  of  steam ;  and  when  the  mass  is 
allowed  to  cool  and  solidify,  this  is  expelled  again  with 
great  violence.  The  hardened  surface  crust  is  agitated  and 
fissured,  miniature  cones  and  lava-streams  being  formed 
upon  it  which  have  a  striking  resemblance  to  the  grander 
phenomena  of  the  same  kind  which  occur  on  the  surface  of 
the  earth. 

In  the  presence  of  confined  steam  or  gas  we  have,  there- 
fore, a  competent  cause  of  volcanic  action,  if  a  way  was  once 
made  for  its  escape  through  the  crust  of  the  earth.  This 
is  probably  accomplished  by  the  strains  to  which  the  lower 
part  of  the  earth's  crust  is  subjected,  aided  by  movements 
in  the  form  of  convection  currents  occurring  in  the  sub- 
jacent liquid  stratum,  and  resultrug  in  the  production  of 
fisstires  along  certain  lines  of  weakness  in  the  crust ;  but 
further  consideration  of  the  subject  must  be  deferred  till 
the  student  has  acquired  more  knowledge  of  structural 
geology;  and,  after  aU,  we  can  but  guess  at  the  exact 
modus  operandi  of  the  forces  concerned  in  producing  a 
volcano. 


CHAPTEE  III. 
VOLCANOES  (continued). 

EXAMPLES  of  Volcanic  Action. — Vesuviu8  and 
the  PMegrcean  Fields.^ — The  volcanic  region  of  Naples 
consists  of  a  linear  group  of  cones,  ranging  N.E.  and  S.W., 
and  terminated  at  its  extremities  by  the  two  principal 
mountains,  Ischia  and  Vesuvius ;  the  latter  seems  to  be 
connected  by  the  intervention  of  minor  vents  with  the 
group  of  Albano  and  of  Eome — the  seven  hills  of  the 
Eternal  City  being  for  the  most  part  volcanic  mounds.' 

The  celebrated  mountain  of  Vesuvius  consists  of  a  cen- 
tral peak,  half  encircled  by  the  remnant  of  a  more  ancient 
cone,  which  now  forms  the  ridge  known  as  Monte  Somma, 
the  depression  between  them  being  called  the  Atrio  del 
Cavallo.  Viewed  from  the  south-west  its  general  outline 
is  exceedingly  regular,  though  its  summit  is  now  broken 
and  truncated.  Mr.  Scrope  observes  that  this  regularity 
is  owing  to  the  great  fluidity  of  its  basaltic  lavas,  which, 
issuing  from  the  central  vent,  have  taken  their  course  in 
spreading  sheets  down  the  outer  slope  of  the  mountain, 
while  the  scorisB  and  fragmentary  substances  projected  at 
the  same  time  into  the  air  were  spread  pretty  evenly  over 
them. 

"  The  result  of  successive  eruptions  of  this  kind  has  been 
the  formation  of  a  regularly  conical  mountain,  with  a 
gradually  diminishing  slope  on  all  sides,  from  the  central 
heights  to  the  plain  around,  exhibiting  in  the  ravines  that 

^  Some  of  the  following  passages  are  quoted  from  MantelFs 
**  Wonders  of  Geology,"  seventh  edition,  p.  843  et  seq.,  and  were 
chiefly  compiled  from  the  writings  of  Mr.  Poulett  Scro^. 

'  See  Murchison,  ''Quart.  Jonm.  Geol.  Soc.,"  vol.  vi.  p.  281. 
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Boman  armj.  It  does  not  appear  that  the  volcanic 
character  of  Vesuvius  was  then  recognized;  the  Roman 
writers  describe  its  slopes  as  bearing  fertile  fields  and  rich 
vineyards,  while  the  hollow  at  the  top  was  a  waste  over- 
grown with  wild  vines.  The  explosive  eruption  of  A.©.  79 
blew  out  the  southern  side  of  this  great  crater,  and  the 
present  cone,  which  rises  to  about  1,000  feet  above  the 
Atrio  del  Cavallo,  has  been  gradually  built  up  by  the 
successive  eruptions  of  eighteen  centuries,  though  in  the 
course  of  that  period  it  has  several  times  been  partially 
destroyed  and  again  reconstructed. 

"  The  eruptions  of  Vesuvius  seem  very  rarely  to  have 
taken  place  from  any  other  than  the  central  vent ;  a  few 
small  cones  immediately  above  Torre  del  Greco,  thrown  up 
in  1794,  and  the  cone  on  which  the  Camaldoli  della  Torre 
is  built,  are  the  only  indications  of  explosions  having  burst 
from  the  sides  of  the  mountain.  The  vast  number  of 
vertical  basaltic  dykes  which  intersect  the  horizontal  beds 
observable  in  the  broken  cliffs  of  the  old  crater  (Atrio  del 
Cavallo),  bear  witness,  however,  that  the  lava  was  not  so 
frequently  elevated  to  the  summit  of  the  mountain  with- 
out occasioning  numberless  cracks  and  rents  in  its  internal 
fltructure." 

When  Italy  was  first  colonized  by  the  Greeks,  Vesuvius 
was  in  a  quiescent  or  dormant  state,  while  the  neighbour- 
ing isles  of  Ischia  and  Prodda  were  the  theatres  of  con- 
stant earthquakes  and  explosions :  but  since  Vesuvius  has 
resumed  its  activity,  Ischia  has  been  almost  entirely  dor- 
mant. Ischia  has  numerous  cones;  the  central  one,  Epomeo, 
is  2,600  feet  high,  and  has  traces  of  two  large  craters  on 
its  summit ;  but  eruptions  have  burst  out  at  various  points, 
and  a  lava-stream  that  issued  from  its  base  still  exhibits  an 
arid  and  cindery  surface. 

The  Lipari  Isles  between  Naples  and  Sicily,  lying,  as  it 
were,  midway  between  Vesuvius  and  Etna,  present  a 
character  very  analogous  to  the  district  above  described. 

The  crater  of  one  of  the  islands,  Stromboli,  has  been  in 
constant  activity  from  the  earliest  historical  period.  It 
always  contains  melted  lava  in  constant  motion,  and  at 
tmcertain  intervals  the  molten  mass  suddenly  rises,  and 
large  bubbles  appear,  which,  upon  reaching  to  the  brim  of 
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the  crater,  explode  <with  a  sound  resembling  thunder ; 
masses  of  lava,  viith  dust  and  smoke,  are  thrown  into  the 
air,  and  the  incandescent  fluid  then  sinks  down  to  its 
former  level. 

The  cliffs  of  St.  Calogero,  which  are  about  200  feet  high, 
and  extend  four  or  five  miles  along  the  coast,  consist  of 
horizontal  beds  of  volcanic  tuff,  traversed  in  every  direc- 
tion by  dykes  and  veins  of  lava. 

Etna. — This  volcanic  cone  rises  majestically  to  the  height 
of  more  than  two  miles  (10,872  feet),  the  circumference  of 
its  base  exceeding  180  miles.  Compared  with  this  pro- 
digious mass  of  igneous  products,  Vesuvius  sinks  into  in- 
significance, for  while  the  lava-streams  of  the  latter  do  not 
exceed  seven  miles,  those  of  Etna  are  of  ten  from  15  to  30 
miles  in  length,  and  from  50  to  100  feet  in  thickness. 
The  surface  of  Etna  presents  three  distinct  regions ; 
around  the  lower  slopes  the  country  is  richly  cultivated, 
and  abounds  in  vineyards  and  pastures,  towns  and  villages ; 
the  middle  or  temperate  zone  above  is  covered  with  forests 
of  oak  and  chestnut ;  but  upwards  the  trees  grow  sparse 
and  small,  and  the  last  5,000  feet  form  a  bare  and  sterile 
region,  while  the  summit  is  capped  with  eternal  snow. 

As  a  volcano  Etna  possesses  two  remarkable  features — 
1.  The  number  of  minor  cones  which  have  been  thrown  up 
on  its  flanks,  no  fewer  than  200  such  lateral  vents  being 
known.  In  1809  twelve  new  craters  opened  about  half- 
way down  the  moimtain,  and  threw  out  copious  streams  of 
lava ;  again,  in  1811,  other  vents  appeared  on  the  eastern 
side. 

2.  But  by  far  the  most  interesting  feature  of  Etna  is  an 
immense  depression  or  excavation  on  the  eastern  side  of 
the  mountain,  called  the  Val  del  Bove.  This  vast  hollow 
is  5  miles  across,  and  its  sides  are  precipices  from  2,000  to 
3,000  feet  in  height. 

There  is  good  reason  to  believe  that  the  Yal  del  Bove 
contains  the  site  of  a  second  focus  of  eruption,  and  that 
the  materials  which  once  occupied  it  were  blown  away  by 
explosions  similar  to  those  which  removed  the  central 
portion  of  Somma,  before  the  modem  cone  of  Vesuvius 
was  built  up.  If  so,  the  new  cone,  which  forms  the  present 
summit  of  Etna,  did  not  rise  within  the  old  crater,  but 
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quite  outside  its  limits.  Other  casesj  in  which  the  volcanic 
focus  has  shifted  its  position,  are  not  rare,  and  examples 
are  found  in  Yulcano  and  Vulcanello,  two  of.  the  lipari 
islands.^ 

The  precipitous  sides  of  the  Val  del  Bove  are  everywhere 
seamed  by  vertical  dykes,  which  not  only  intersect  the  con- 
centric sheets  of  lava  and  tuff,  but,  standing  out  in  bold 
relief,  like  prodigious  buttresses,  impart  a  most  extraor- 
dinary character  to  the  scene.  These  buttresses  are  from 
two  to  twenty  feet  in  thickness,  and  their  superior  hardness 
has  enabled  them  to  resist  the  action  of  rain  and  frost 
better  than  the  less  coherent  tuffs  around  them. 

Professor  Blake  remarks  ^  that  if  the  directions  of  these 
dykes  are  prolonged,  the  points  of  their  intersection  would 
lie  within  the  area  of  the  Val  del  Bove.  This,  and  the 
fact  that  numerous  eruptions  have  issued  from  the  floor  of 
the  valley,  confirm  the  view  that  it  is  a  kind  of  crater. 

Lyell  describes  the  plain  of  Trif  olietto,  as  the  floor  of  the 
valley  is  called,  "  as  more  uneven  than  the  surface  of  the 
most  tempestuous  sea  '* ;  but  Professor  Blake  says  "  the 
great  lava  stream  of  1852,  erupted  since  he  saw  the  spot, 
must  have  entirely  changed  the  aspect.  The  fluid  mass 
must  have  been  kept  up  by  a  ridge  of  rock  extending  from 
Cavanno  on  this  side  to  Monte  Fenoccio  on  the  other,  and 
have  settled  itself  into  a  smooth  and  lake-like  surface,  over 
which  the  winds  have  spread  a  coating  of  the  finest  dust." 

At  the  further  end  of  this  plain  are  two  tuff  cones  from 
which  small  lava-flows  have  issued,  and  below  them  are 
the  two  boccas,  or  low  lava-moimds,  whence  more  liquid 
and  voluminous  flows  like  that  of  1852  have  issued.  **  It 
is  very  instructive  to  have  the  two  forms  of  eruptive  centres 
thus  side  by  side,  and  to  compare  the  effects.  The  results 
produced  by  the  cinder  cones  are  confined  to  their  imme- 
diate neighbourhoods,  but  by  comparison  with  the  huge 
lava-sheet  which  has  overwhelmed  all  the  country  as  far  as 
Zaffarana,  the  Bocca  is  quite  insignificant.  This  is  impor- 
tant to  remember  when  we  find  a  difficulty  in  identifying 
the  centre  of  ancient  lava-flows.'' 

*  See  "Volcanoes,"  by  J.  W.  Jndd,  for  illnstrations  of  this  and 
other  featnres  of  volcanoes. 

^  Proc.  Geol.  Assoc,  voL  xi.  (1889),  p.  169. 
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Hawaii. — The  Sandwich  Islands  in  the  North  Pacific  are 
the  best  known  examples  of  volcanoes  formed  by  the  well- 
ing up  of  lava  without  explosive  action.  They  are  all  vol- 
canic, and  all  exhibit  similar  features,  though  only  one  of 
them  (Hawaii)  now  has  active  vents.  Eecent  soundings 
have  disclosed  the  fact  that  these  islands  are  the  summits 
of  a  gigantic  submarine  mountain  chain,  the  loftier  peaks 
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Fig.  7.  Map  of  the  island  of  Hawaii,  showing  some  of  the  recent 
£iva  streams.  The  dotted  lines  are  contours  of  2,000  feet 
IntervaL 

of  which  are  not  far  off  30,000  feet  above  their  sub-oceanic 
bases.  The  depth  of  the  water  within  thirty  or  forty  miles 
of  Hawaii  varies  from  14,000  to  16,000  feet,  and  the 
Hawaian  volcanoes  rise  to  nearly  14,000  feet  above  the 
sea. 
Hawaii  comprises  four  volcanic  centres,  one  of  which  is 
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apparently  extinct  (Mauna  Kea)  ;  but  three  (Manna  Loa, 
Hualalai,  and  Kilanea)  are  still  active.  As  already  stated 
(p.  24),  the  most  notable  characteristics  of  their  eruptions 
are  (1)  the  comparatively  quiet  uprise  of  the  lava  and  the 
consequent  absence  of  fragmentary  ejecta;  (2)  the  great 
liquidity  of  the  lavas.  To  these  causes  the  low,  broad  out- 
line of  the  mountains  is  due  (see  fig.  3).  The  positions  of 
these  centres,  and  some  of  the  more  recent  lava- flows,  are 
shown  in  the  plan,  fig.  7. 

Mauna  Loa,  the  "  Great  Mountain,"  is  18,700  feet  high, 
and  its  summit  is  a  nearly  level  plateau,  in  the  centre  of 
which  is  a  huge  pit  three  miles  long  and  a  mile  and  three- 
quarters  broad  in  the  middle.  The  floor  of  this  pit  is  in 
two  parts,  the  outer  ends  being  about  600  feet  below  the 
rim,  while  the  central  section  is  about  180  feet  lower,  as  if 
it  had  sunk  down  bodily  in  consequence  of  the  removal  of 
support  below.  Many  eruptions  have  taken  place  from 
this  mountain,  but  the  lava  has  generally  issued  from 
some  rent  below  the  summit,  and  seldom  from  the  crater. 
The  lava  seems  to  rise  in  a  central  pipe,  and  to  exert  such 
a  pressure  on  its  walls  that  they  give  way  before  it  can 
reach  the  summit.  Thus  in  1852  there  was  first  a  small 
issue  of  lava  near  the  summit,  and  then  a  larger  outburst 
from  a  point  about  4,000  feet  below  it. 

In  April,  1868,  there  was  an  outflow  of  lava  from  the 
southern  border  of  Mauna  Loa,  at  a  point  only  3,700  feet 
above  the  sea.  This  was  preceded  by  earthquake  shocks, 
which  continued  for  two  weeks.  The  lava  was  thrown  up 
in  a  series  of  jets  or  fountains  at  intervals  along  a  line  of 
fissure,  and  the  lava  flowed  with  such  rapidity  that  in  a 
little  over  two  hours  the  stream  had  reached  the  sea,  a  dis- 
tance of  10  or  11  miles. 

In  February,  1877,  there  was  an  eruption  of  six  hours 
duration  near  the  summit  of  the  mountain ;  lava-fountains 
were  again  formed,  and  a  representation  of  them  is  given 
in  fig.  8.  It  was  followed  by  a  submarine  eruption  in 
Kealakekua  Bay.  Other  more  extensive  eruptions  occurred 
in  1881  and  1887,  producing  lava-flows  thirty  miles  in 
length. 

Kilauea  (pronounced  Kilouea)  has  usually  been  de- 
scribed as  a  subsidiary  vent,  of  Mauna  Loa,  situate  on  tbe 
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after  an  eruption  it  is  often  1,000  feet  deep  ;  the  ordinary 
action  in  this  pit  consists  of  small  ebullitions,  producing  jets 
of  lava  which  play  like  fountains  to  a  height  of  30  or  40 
feet.  Sometimes  there  are  only  two  or  three  active  pools, 
but  in  times  of  greater  activity  the  pools  overflow,  and  the 
pit  fills  to  within  400  or  500  feet  of  the  rim.  An  eruption 
may  then  be  expected;  an  addition  of  400  feet  to  the 
column  of  lava  within  the  crater  causes  a  corresponding 
increase  of  pressure,  and  eventually  one  or  more  fractures 
are  produced  below  the  crater,  through  which  the  lava 
makes  its  way  to  the  surface.  During  the  eruption  of 
1840  the  lava  first  rose  to  a  great  height  in  Kilauea,  and 
then  broke  out  at  several  points,  one  below  the  other,  finally 
issuing  in  a  continuous  stream  at  a  place  about  10  miles 
from  the  sea,  into  which  it  flowed  at  Nanawale. 

Volcanic  Islands  and  Submarine  Volcanoes. — 
A  volcanic  island  may  have  originated  in  two  ways,  it  may 
be  either  the  highest  peak  of  a  sunken  tract  of  land,  and 
therefore  an  island,  because  the  sea  has  overflowed  the 
ground  on  which  it  stands  ;  or,  it  may  have  been  built  up 
from  the  sea-bottom,  repeated  eruptions  increasing  the 
height  of  the  volcano  till  it  lifts  its  head  above  the  waves 
and  becomes  an  island. 

An  interesting  example  of  the  latter  kind  of  volcanic 
island  was  formed  in  the  Mediterranean  about  30  miles  ofE 
the  south-west  coast  of  Sicily  during  the  summer  of  1831, 
at  a  spot  where  previous  soundings  had  ascertained  the 
depth  of  the  sea  to  be  600  feet.  Its  formation  was  pre- 
ceded by  a  violent  spouting  up  of  steam  and  water,  and  the 
sea  around  was  covered  with  floating  cinders  and  shoals  of 
dead  fish.  At  length  a  small  island  gradually  appeared, 
having  a  crater  on  its  summit  which  ejected  steam,  ashes, 
and  scoriffi.  This  crater  attained  an  elevation  of  nearly 
200  feet,  with  a  circumference  of  about  3  miles,  having  a 
circular  basin  full  of  boiling  water  of  a  dingy  red  colour. 

The  island  received  various  names,  but  is  best  known  by 
the  English  one  of  *"  G-raham's  Island,"  and  the  French  one 
of  "  risle  Julia."  It  continued  in  activity  for  three  weeks 
and  then  gradually  disappeared.  In  1833,  two  years  after 
its  destruction,  a  dangerous  reef  remained  11  feet  imder 
water,  in  the  centre  of  which  was  a  black  volcanic  rock 
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bombs  bere  and  there.  This  loose  material  is  being  rapidly 
removed  by  the  waves  raised  by  the  constant  south-east 
winds,  and  its  existence  as  an  island  will  probably  be  short, 
unless  it  contains  a  hard  core  or  plug  of  lava.  The  crater 
has  already  been  destroyed,  and  a  shallow  flat  covered  by 
less  than  5  fathoms  of  water  extends  for  a  mile  to  the  south 
of  the  island .  The  soundings  show  that  it  is  separated  from 
Namuka  Island  by  a  valley  6,000  feet  deep. 

Metis  Island,  73  miles  N.N.E.  of  Falcon  Island,  is  another 
volcanic  cone  that  appeared  a  few  years  before  the  latter, 
but  has  not  yet  been  surveyed. 

Many  of  the  solitary  volcanic  islands  which  occur  in  the 
midst  of  the  Pacific  and  Indian  Oceans,  such  as  Barren 
Island  (fig.  4),  Isle  of  Bourbon  (Reunion),  and  St.  Paul's 
Island,  may  have  originated  in  the  manner  above  de- 
scribed. 

The  following  is  Jukes'  description  of  St.  Paul's :  "  This 
island  is  3  or  4  miles  across,  with  a  curved  flat- topped  ridge 
820  feet  high,  nearly  surrounding  a  circular  crater,  into 
which  the  sea  now  flows  from  one  side,  and  which  at  the 
sea-level  is  almost  half  a  mile  in  diameter.  From  the  summit 
of  the  circular  ridge  the  island  slopes  gently  down  towards 
the  sea  on  all  sides,  except  the  [north-]east,  where  there  are 
vertical  cliffs,  formed  by  the  sea  having  cut  into  the  centre 

of  the  island  so  as  to  gain  access  to  the  crater The 

entrance  was  not  more  than  100  yards  wide,  and  only  just 
deep  enough  for  a  boat,  but  inside  there  was  a  depth  of  30 

fathoms,  with  a  bottom  of  black  mud At  several 

parts  of  the  beach  hot  smoking  water  trickled  through  the 
stones.  A  bank  of  soundings  stretched  off  the  eastern  side 
of  the  island  for  a  distance  of  nearly  a  mile,  and  a  tall  de- 
tached pinnacle  of  rock  rose  from  this  near  the  entrance  to 
the  crater.  This  bank  was  evidently  the  base  from  which 
the  rocks  that  once  surrounded  the  crater,  and  completed 
the  island,  had  been  removed.  The  island  seemed  wholly 
composed  of  dark  lava  in  irregular  layers,  with  beds  of  sand, 
ashes,  and  blocks,  varying  from  black  to  red  and  cream- 
coloured.  They  dipped  but  slightly  outwards,  and  in  one 
part  seemed  to  dip  inwards   or  towards  the   crater."  ^ 

^  Jukes,  <*  Manual  of  Geology,''  second  edition,  p.  336. 
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are  ejected  into  deep  water  are  probably  arranged  in  much 
the  same  manner  as  those  which  fall  on  land.  Some  oppor- 
tunities have  occurred  for  observing  the  flow  of  lava 
beneath  water,  and  it  has  been  noticed  that  the  crust  which 
rapidly  forms  over  the  surface  prevents  the  water  from 
coming  in  contact  with  the  internal  fluid  portion  of  the 
stream.  The  escape  of  heat  is  also  checked  by  the  low 
conducting  power  of  the  crust,  and  so  the  interior  remains 
fluid,  and  continues  to  flow  onward,  just  at  it  would  do  on 
land.  Professor  Green  has  even  surmised  that,  "if  the 
discharge  takes  place  in  deep  water,  it  is  conceivable  that 
the  pressure  of  the  overlying  fluid  will  check  the  escape 
both  of  elastic  fluid  and  of  heat  from  the  lava,  and  so 
keep  it  fluid  for  a  longer  time,  and  cause  it  to  spread  out  in 
wider  and  more  regular  sheets,  than  if  it  had  flowed  out  in 
the  open  air."  ^ 

Again,  the  ash  and  cinders  ejected  troxn.  such  submarine 
vents  will  probably  arrange  themselves  on  the  slopes  of 
the  cone,  and  form  beds  of  tuff  and  agglomerate,  similar 
to  those  of  sub-aerial  origin.  But  the  case  is  different 
with  the  ejections  from  volcanic  islands,  because  such  of 
these  as  do  not  faU  on  the  slopes  of  the  island  itself  will 
drop  into  the  shallow  waters  surrounding  it,  and  will  be 
subjected  to  the  distributive  action  of  the  sea-waves,  tides, 
and  currents.  They  will  be  arranged  and  stratified  on  the 
sea-bottom,  and  will  often  be  mixed  with  the  other  deposits 
which  are  there  being  formed.  Arenaceous  or  calcareous 
tuffs  may  thus  be  produced  by  the  admixture  of  sand  or 
limestone.  Moreover,  in  all  such  submarine  tuffs,  fish^ 
shells,  and  other  mariile  remains  are  liable  to  be  enclosed, 
and  will  testify  by  their  presence  to  the  conditions  under 
which  the  stratified  masses  have  been  accumulated. 

*  Green,  "  Physical  Geology,"  second  edition,  p.  225. 
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EABTHQUAKES. 


CONNECTION  between  Volcanoes  and  Earth- 
quakes. — It  has  been  mentioned  that  before  the 
bursting  out  of  any  great  Yolcanic  eruption  the  neighbour- 
hood is  generally  shaken  by  earthquakes.  It  has  also  been 
observed  that  a  succession  of  earthquakes  in  a  district  is 
often  closed  by  a  great  volcanic  eruption,  either  in  that  or 
in  some  neighbouring  district.  These  facts  suggest  that 
the  earthquakes  form  part  of  a  series  of  subterranean  dis- 
turbances which  culminate  in  a  volcanic  eruption,  and 
that  the  shocks  are  due  to  the  exertion  of  the  same  force 
which  opens  an  upward  way  for  the  lava  till  it  can  be 
ejected  from  a  volcano.  It  is  not  unlikely  that  both  earth- 
quakes and  volcanic  phenomena  are  due  to  the  forcible 
opening  of  cracks  in  the  earth's  crust,  the  crack  starting 
as  a  rent  or  fissure  at  a  great  depth. 

The  connection  between  volcanoes  and  earthquakes  was 
exhibited  in  a  remarkable  manner  by  the  series  of  events 
which  took  place  in  and  around  the  Caribbean  Sea  and 
Gulf  of  Mexico  at  the  beginning  of  this  century.  From 
May,  1811,  to  April,  1812,  severe  earthquakes  were  felt  in 
the  West  India  Islands,  especially  in  St.  Vincent ;  violent 
shocks  also  occurred  in  the  Mississippi  valley,  and  at 
Caraccas  in  Venezuela.  Finally,  on  Apnl  30th,  1812,  the 
volcano  of  St.  Vincent,  which  had  been  quiescent  for  nearly 
a  hundred  years,  burst  into  eruption  ;  and  so  tremendous 
was  the  explosion  that  the  noise  of  it  was  heard  at  Caraccas, 
nearly  500  miles  away.  This  eruption  seemed  to  relieve 
the  subterranean  tension,  and  the  earthquakes  by  which 
the  surrounding  regions  had  been  so  greatly  shaken  then 
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ceased.  As  the  area  affected  in  this  case  was  about  2,000 
miles  in  length,  and  at  least  500  wide,  we  may  infer  that 
the  volcano  of  St.  Vincent  is  connected,  not  merely  with  a 
local  reservoir  of  lava,  but  with  a  very  large  subterranean 
tract,  or,  as  is  most  probable,  with  the  liquid  substratum 
which  is  supposed  to  underlie  the  earth's  crust  (see  p.  17). 

The  connection  between  the  two  sets  of  phenomena  is 
also  shown  in  other  ways.  Mr.  Mallet,^  who  first  studied 
the  extent  of  the  areas  which  are  most  frequently  and 
violently  disturbed  by  earthquakes,  found  that  these  areas 
form  bands  of  great  but  variable  breadth,  which  he  called 
seismic  bands.* 

He  prepared  a  map  of  the  world  on  which  the  districts 
known  to  have  been  shaken  by  earthquakes  were  coloured 
brown,  the  tint  being  made  darker  and  darker  in  propor- 
tion to  the  frequency  and  intensity  of  the  shocks  which 
had  been  experienced  at  different  localities. 

A  glance  at  such  a  map  shows  that  the  bands  of  darkest 
colour  run  along  the  mountain  chains  on  which  volcanoes 
occur ;  and  Mr.  Mallet  has  formulated  the  following  con- 
clusions : — 

1.  These  seismic  bands  very  generally  follow  the  lines 
of  elevation  which  mark  and  divide  the  great  oceanic  or 
terroceanic  basins  of  the  earth's  surface. 

2.  In  so  far  as  these  are  frequently  the  lines  of  moun- 
tain chains,  and  these  latter  often  include  lines  of  volcanic 
vents,  so  the  seismic  bands  follow  them  likewise. 

3.  The  sensible  width  of  the  seismic  band  depends  upon 
the  energy  developed,  and  on  the  accidental  geological  and 
topographical  conditions  along  its  length. 

4.  Seismic  energy  may  become  sensible  at  any  point  of 
the  earth's  surface,  its  efforts  being,  however,  greater  as 
the  great  volcanic  lines  of  activity  are  approached. 

Professor  G.  Darwin  has  pointed  out '  that  an  earth- 
quake map  also  suggests  the  inference  that  there  is  a 
broad  band  of  seismic  action  which  completely  encircles 

*  "Catalogue  of  Earthquakes,"  Brit.  Assoc.  Reports,  1847  to 
1861. 

'  From  seiwiost  an  earthquake  (Greek) ;  hence  also  seUmolcgi/, 
the  study  of  earthquakes. 

»  "  Fortnightly  Review,"  February,  1887. 
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the  globe.  This  traverses  Southern  Europe  and  the  Medi- 
terranean, Asia  Minor  and  Syria,  Persia,  India,  China,  and 
Japan ;  crosses  the  Pacific  to  Central  America  and  West 
Indies,  and  the  Atlantic  to  the  Azores,  Teneriffe,  Portugal, 
Spain,  and  N.W.  Africa.  Although  the  intensity  of  the 
earthquakes  felt  along  this  band  varies  in  different  parts 
of  it,  yet  he  thinks  the  evidence  is  sufficient  to  show  that 
there  is  an  annular  tract  of  the  earth's  crust  which  is 
specially  liable  to  rupture  and  consequent  disturbance. 
The  other  seismic  bands,  such  as  those  of  the  Andes  and 
the  Malay  Archipelago,  may  be  regarded  as  offshoots  more 
or  less  at  right  angles  to  the  main  band. 

Nature  and  Origin  of  Earthquakes. — ^Mr.  Mallet^ 
defines  an  earthquake  as  a  wave  of  elastic  compression,  or 
a  succession  of  such  waves  travelling  through  the  solid 
substance  of  the  disturbed  country,  and  it  is  the  emer- 
gence of  such  a  wave  at  the  surface  of  the  ground  which 
causes  the  actual  earthquake  shock. 

This  wave  is  transmitted  from  a  subterranean  centre  of 
imptUse  or  focus  (a  in  fig.  12),  which  Mr.  Mallet  treats  as  a 
rent  or  fissure,  and  it  proceeds  from  that  focus  with  equal 
velocity  in  every  direction.  The  line  along  which  the  wave 
reaches  the  surface  directly  over  the  centre  of  impulse  (a  h), 
Mr.  Mallet  calls  the  seismic  vertical,  b  being  called  the 
epicentrum  or  point  directly  over  the  centre  of  impulse, 
and  the  concentric  lines  along  which  the  shock  reaches  the 
surface  at  the  same  moment  he  calls  the  coseinuU  lines  (c  c, 
d  d) ;  the  wave  strikes  the  surface  more  and  more  ob- 
liquely as  we  recede  from  the  line,  a  h,  and  with  less  and 
less  force,  till  it  gradually  fades  away. 

In  fig.  12,  the  centre  of  impulse  is  represented  as  a  point, 
and  it  is  assumed  that  the  surrounding  rocks  are  homo- 
geneous, so  that  the  coseimal  lines  are  circles.  In  reality, 
however,  the  centre  of  impulse  must  generally  be  a  narrow 
fissure  of  some  length,  and  the  impulse  will  generate  waves 
proceeding  outwards  from  the  surface  of  the  fissure  in 
ellipsoidal  shells,  the  coseimal  lines  being  ovals  whose 
major  axes  are  at  right  angles  to  the  plane  of  the  fissure. 
The  variation  in  the  density  and  elasticity  of  the  rocks 


1  «  First  Principles  of  Observational  Seismology. 
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througli  which  the  wave  passes,  also  interferes  with  the 
regularity  of  the  coseimal  lines,  and  the  passage  of  the 
wave  from  one  kind  of  rock  to  another  causes  refractions, 
so  that  the  actual  form  of  the  wave  at  the  surface  is  com- 
plex and  irregular. 

The  earth. wave  travels  most  rapidly  through  hard  and 
compact  rocks,  less  rapidly  through  soft  and  incoherent 
beds.  Mr.  Mallet  has  experimented  by  exploding  gun- 
powder and  calculating  the  velocity  of  the  shock  so  pro- 
duced in  different  rocks.  He  found  that  the  wave  tra- 
versed— 


Fig.  12.    Diagram  of  the  propagation  of  an  Earthquake  Wave. 

Solid  granite  at  a  rate  of  1,665  feet  per  second. 
Shattered  granite       „       1,306    „  „ 

Slate  „  „       1,089    „ 

Wet  sand      „  „  825    „  „ 

By  observing  the  direction  of  fissures  and  by  the  use  of 
instruments  called  seismometers,  Mr.  Mallet  believed  it 
possible  to  determine  the  direction  and  the  angle  of  emer- 
gence  of  the  wave-path,  and  thus  to  calculate  the  position 
and  depth  of  the  centre  of  impulse  from  which  the  wave 
proceeded.  By  this  method  Mr.  Mallet  calculated  that  the 
centre  from  which  the  shock  of  the  great  Calabrian  earth- 
quake in  1857  proceeded,  was  beneath  a  spot  about  60 
miles  E.S.E.  of  Naples,  and  at  a  depth  of  about  5  miles 
from  the  surface,  fie  assigned  80  geographical  miles,  or 
185,000  feet,  as  the  limit  of  depth  at  which  any  earthquake 
originates. 
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It  has,  however,  been  pointed  out  that  the  passage  of  a 
shock  through  loose  soils  and  surface  rocks  cannot  be  com- 
pared with  that  through  dense,  compact,  and  deeply  buried 
rocks ;  and  that  the  wave  is  chiefly  propagated  through 
such  deeply  buried  rocks.  The  actual  rate  of  propagation 
must  depend  on  the  density  and  elasticity  of  the  materials 
through  which  it  passes ;  the  rate  of  the  passage  of  com- 
pressional  waves  through  a  bar  of  steel  has  been  estimated 
at  21,000  feet  per  second,  and  by  comparing  the  density 
and  elasticity  of  very  dense  rocks  with  the  same  properties 
of  steel,  the  rate  of  passage  through  such  rocks  has  been 
calculated  to  be  about  18,400  feet,  or  3*4  miles  per  second.^ 

It  is  a  remarkable  fact  that  in  the  case  of  the  Charleston 
earthquake  of  1887  six  careful  time  records,  taken  at  dis- 
tances of  300  to  645  miles,  gave  an  average  result  of  3*3 
miles  per  second  as  the  rate  of  speed.  This  is  a  much 
higher  speed  than  has  hitherto  been  observed  in  European 
earthquakes,  which  have  given  results  varying  only  from 
660  to  2,860  feet  per  second.  The  discrepancy  remains  to 
be  accounted  for ;  it  seems  too  great  to  be  explained  by 
errors  of  observation,  and  the  speed  of  the  Charleston 
earthquake  wave  may  possibly  be  due  to  the  greater  depth 
of  its  point  of  origin. 

It  is  not  always  possible,  however,  to  ascertain  the  angle 
of  emei^^ce,  and  another  method  has  recently  been  sug- 
gested by  the  investigators  of  the  Charleston  earthquake, 
which  promises  to  give  more  accurate  results.  By  this 
method  the  depth  of  the  seismic  focus  at  Charleston  in 
1887  was  calculated  to  be  about  12  miles. 

Messrs.  Dutton  and  Hayden  believe  that  few  earthquakes 
originate  at  a  greater  depth  than  this.  They  point  out 
that  earthquakes  differ  in  energy  and  in  depth  of  origin, 
the  intensity  of  the  shock  at  the  surface  depending  on  the 
energy  developed  at  the  focus,  and  on  the  distance  of  that 
focus  from  the  surface.  An  earthquake  of  great  intensity 
may  be  due  to  the  focus  being  near  the  surface,  or  to  the 
development  of  great  energy  at  the  focus,  or  to  both  com- 
bined.   It  foDows  also  that  the  radial  distance  to  which 

1  «<  Invest^tion  of  the  Charleston  Earthquake,"  by  C.  E. 
Dntton  and  £.  Hayden,  "  Nature,"  Jnly  28th,  1887,  p.  902. 
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the  shock  is  transmitted  is  the  best  measure  of  the  total 
energy  of  the  shock.  If,  therefore,  in  comparing  the  effects 
of  two  earthquakes,  we  £nd  that  the  intensity  of  the  shock 
at  the  epicentrum  was  about  the  same,  but  that  one  was 
felt  over  a  much  wider  area  than  the  other,  we  may  at 
once  infer  that  the  focus  of  the  one  was  more  deeply  seated 
than  that  of  the  other.  Now  the  Charleston  earthquake 
was  felt  at  a  distance  of  1,000  miles  from  the  centre,  and 
yet  its  intensity  at  the  epicentrum  was  relatively  low ; 
hence  these  observers  conclude  that  the  depth  at  which  it 
originated  was  relatively  great.  This  depth  they  found  to 
be  about  twelve  miles;  they  therefore  regard  this  as  a 
great  depth,  and  suggest  that  estimates  of  the  depth  of 
earthquake  foci  exceeding  this  require  re-investigation. 
("Nature,"  July,  1887,  p.  300.) 

Phenomena  and  Effects  of  Earthquakes. — The 
phenomena  attendant  upon  an  earthquake  shock  vary  ac- 
cording as  the  centre  of  impulse  is  under  the  land  or  under 
the  sea.  In  the  first  case  waves  are  only  progagated 
through  the  earth  and  through  the  air :  in  the  second  case 
the  vraves  are  communicated  to  three  media,  viz.,  earth, 
air,  and  water.  Moreover,  sound-waves  appear  to  be 
carried  through  the  earth  and  the  sea,  as  well  as  through 
the  air,  so  that  if  the  shock  originates  under  the  sea,  an 
observer  standing  near  the  shore  will  perceive  the  follow- 
ing succession  of  phenomena. 

1.  A  rumbling  noise,  heard  apparently  through  the  feet ; 
this  being  the  sound-wave  through  the  earth,  which  is  said 
to  travel  at  a  rate  of  11,000  feet  per  second. 

2.  Another  sound  caused  by  the  sound-wave  through  the 
air,  which  travels  at  the  rate  of  4,700  feet  per  second. 

8.  The  earth-wave,  bearing  with  it  a  small  forced  sea- 
wave  ;  its  velocity  varying,  as  already  stated,  from  about 
800  to  1,600  feet  per  second  (mean  rate  about  1,200  feet). 

4.  A  third  sound  produced  by  the  sound-wave  through 
the  water,  which  is  carried  1,138  feet  per  second,  and  there- 
fore is  sometimes  heard  at  the  same  time  as  the  earth-wave 
is  felt. 

5.  The  great  sea- wave,  the  sea  being  first  sucked  back 
for  some  distance  from  the  shore,  and  then  returning  as  a 
wall  of  water  from  15  to  20  feet  high,  rolling  in  far  over 
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the  land  and  washing  down  eyerything  before  it.  The 
first  is  often  followed  bj  smaller  waves. 

The  velocity  of  the  sea- wave  depends  upon  the  depth  of 
the  water  through  which  it  is  propagated;  it  travels 
through  deep  water  much  faster  than  through  shallow 
water  near  the  land.  Thus  the  sea-wave  of  the  Lisbon 
earthquake  in  1755  travelled  to  London  at  a  little  over  2 
miles  a  minute,  but  crossed  the  Atlantic  to  Barbados  at  a 
rate  of  about  5  miles  per  minute.  The  wave  which  travelled 
across  the  Pacific  from  Japan  to  California  in  1854  had  an 
average  velocity  of  6*1  miles  per  minute.^ 

The  surface  effects  of  an  earthquake  wave  are -more 
destructive  when  it  traverses  soft  rocks  because  the  cracks 
which  it  produces  at  the  surface  are  kept  open  for  a  longer 
time,  and  allow  buildings  to  subside  ;  while  in  hard  rocks 
these  fissures  are  narrower  and  close  more  quickly,  so  that 
less  displacement  is  caused.  When  the  wave  passes  from 
compact  into  loose  rocks,  there  is  often  a  complex  reflection 
and  reverberation  of  shocks  which  results  in  a  destructive 
shivering  of  the  surface. 

If  the  angle  of  emergence  is  low,  the  difficulty  which  the 
wave  finds  in  passing  fi'om  hard  into  overlying  soft  rocks 
is  such  that  a  very  small  shock  is  propagated  through  the 
latter.  Thus  the  Lisbon  earthquake  was  felt  in  Scotland; 
but  not  in  England,  and  the  reason  is  supposed  to  be  that 
the  wave  travelled  through  the  hard  rocks  at  a  great  depth 
below  the  ground,  and  the  slight  shock  communicated  to 
the  thick  mass  of  softer  rocks  which  form  the  greater  part 
of  England  died  away  before  it  reached  the  surface. 

Instances  of  Earthquakes.  —  Italy,  —  The  earth- 
quakes which  convulsed  Calabria  in  1783  were  remarkable 
for  the  number  of  separate  shocks  (949)  that  occiirred 
during  the  year,  and  for  the  great  disturbances  and  changes 
which  they  produced  on  the  surface  of  the  ground.  The 
area  over  which  these  shocks  exerted  their  most  violent 
effects  was  not  more  than  500  square  miles,  but  they  were 
peeceptible  over  a  great  part  of  Sicily,  and  as  far  north  as 
Kaples. 

^  From  this  it  has  been  calculated  that  the  mean  depth  of  the 
body  of  water  through  which  it  moved,  viz.,  the  North  Pacific, 
was  14,190  feet. 
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In  some  of  the  Calabrian  towns  the  pavements  were 
thrown  into  the  air  and  reversed  so  as  to  lie  bottom  up- 
wards. Long  undulating  fissures  were  formed,  some  of 
which  remained  open,  and  some  gradually  closed  up  again. 
The  weUs  and  springs  were  violently  disturbed,  and  in 
some  places  circular  cavities  were  opened  from  which  water 
escaped,  and  which  afterwards  remained  in  the  form  of 
pools.^ 

In  the  town  of  Terranuova  some  houses  were  elevated 
above  their  former  level,  while  others  sank  below  it,  and 
one  tower  of  solid  masonry  was  divided  into  two  parts  by  a 
crack,  on  one  side  of  which  the  building  was  elevated 
several  feet  above  the  other  part.  This  vertical  shift  was 
rendered  apparent  by  the  discontinuity  of  the  courses  of 
stone,  which  presented  a  counterpart  of  the  dislocation 
which  must  have  been  produced  in  the  rocks  below,  and 
which  is  termed  B,fauU  by  geologists. 

Great  mases  of  earth  and  rock  slid  down  from  the  sides 
of  the  valleys,  and  some  of  these  landslips  damnied  up  the 
rivers,  and  gave  rise  to  new  lakes.  Thus  enormous  masses 
of  land  were  detached  from  each  side  of  the  deep  valley  or 
ravine  of  Terranuova,  and  blocked  up  the  course  of  the 
river,  causing  the  formation  of  a  large  lake.  It  is  stated 
that  about  fifty  such  lakes  were  formed  at  this  time ;  some 
of  these  were  permanent,  the  course  of  the  streams  being 
altered,  but  others  were  gradually  drained  by  the  water 
overflowing  and  cutting  a  channel  through  the  barrier. 
Along  the  sea-coast  huge  masses  were  detached  from  the 
cliffs,  especially  at  Scilla  and  at  Gian  Greco  in  the  Straits 
of  Messina,  where  a  continuous  line  of  cliff  was  thrown 
down  for  the  length  of  a  mile. 

The  Neapolitan  earthquake  of  1857  was  one  of  great 
intensity,  the  shocks  causing  much  displacement  of  the 
ground,  which  was  in  many  places  rent  and  fissured.  Some 
of  these  fissures  remained  open  after  the  cessation  of  the 
shocks,  and  fig.  13  represents  a  fissure  observed  by  Mr.  R. 
Mallet  in  the  gorge  of  Bella  near  Naples  after  that  earth- 
quake. It  will  be  observed  that  it  exhibits  a  certain 
amount  of  vertical  movement,  one  side  of  the  fissure  being* 
higher  than  the  other. 

'  S«6  the  account  in  Ly ell's  '*  Principles,"  vol.  ii.  eh.  xxix. 
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been  calculated,  according  to  Mr.  Mallet,  at  100  feet,  which 
he  says  would  give  a  velocity  of  shock  equal  to  80  feet  per 
second. 

The  centre  of  the  disturbance  seems  to  have  been  the 
volcano  Tunguragua,  and  the  district  most  violently  shaken 
measured  120  miles  from  north  to  south,  and  60  miles  from 
east  to  west,  but  the  shocks  were  felt  far  beyond  these 
limits.  Eiobamba  and  all  the  other  towns  within  this 
area  were  destroyed.  The  ground  about  Tunguragua 
opened  into  enormous  clefts,  from  which  issued  volumes  of 
water  and  stinking  mud,  forming  lakes  in  many  places  of 
considerable  size.^ 

Another  of  the  great  earthquakes  which  so  frequently 
shake  the  western  coast  of  South  America  happened  on 
the  20th  of  February,  1835.  It  was  felt  in  all  places 
between  Chiloe  on  the  south  and  Copiapo  on  the  north,  a 
distance  of  more  than  1,000  miles,  and  between  the  city  of 
Mendoza  on  the  east  and  the  island  of  Juan  Fernandez  on 
the  west,  a  distance  of  at  least  600  miles.  Admiral  Fitzroy, 
who  was  at  Talcahuano,  the  port  of  Concepcion,  says  that 
after  the  earthquake  there  was  a  belt  of  coast  4  or  5  feet 
in  height,  which,  even  at  high  water,  showed  beds  of  dead 
mussels,  limpets,  and  withered  sea- weed,  all  still  adhering 
to  the  rocks.  This  raised  beach  gradually  sank  again  until 
the  part  above  high-water  mark  was  not  more  than  2  feet 
high.  He  also  visited  the  neighbouring  island  of  Santa 
Maria,  where  he  found  that  the  following  changes  had 
taken  place.  "  It  appeared  that  the  southern  extremity  of 
the  island  had  been  raised  8  feet,  the  middle  9,  and  the 
northern  end  upwards  of  10  feet.  On  steep  rocks,  where 
vertical  measures  could  be  correctly  taken,  beds  of  dead 
mussels  were  found  10  feet  above  high-water  mark.  An 
extensive  rocky  flat  lies  around  the  northern  parts  of  Santa 
Maria.  Before  the  earthquake  this  flat  was  covered  by  the 
sea,  some  projecting  rocks  only  showing  themselves.  Now 
the  whole  flat  is  exposed,  and  square  acres  of  it  are  covered 
with  dead  shell-fish,  the  stench  arising  from  which  is 
abominable." ' 

'  Humboiat's  "  Voyage,'*  p.  317. 

«  Phil.  Trans.,  1826,  and  Lyell's  "Principles,"  tenth  edition, 
vol.  ii.  p.  03. 
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Speaking  of  the  same  earthquake  the  late  Dr.  Darwin 
says :  ^ — "  The  island  of  Quiriquina  plainly  showed  the  over- 
whelming power  of  the  earthquake.  The  ground  in  many 
parts  was  fissured  in  north  and  south  lines,  perhaps  caused 
by  the  yielding  of  the  parallel  and  steep  sides  of  this  narrow 
island.  Some  of  the  fissures  near  the  clifEs  were  a  yard 
wide.  Many  enormous  masses  had  already  fallen  on  the 
beach ;  and  the  inhabitants  thought  that  when  the  rains 
commenced  far  greater  slips  would  happen.  The  effect  of 
the  vibration  on  the  hard  primary  slate,  which  composed 
the  foundation  of  the  island,  was  still  more  curious  :  the 
superficial  parts  of  some  narrow  ridges  were  as  completely 
shivered  as  if  they  had  been  blasted  by  gunpowder.  This 
effect,  which  was  rendered  conspicuous  by  the  fresh  frac- 
tures and  displaced  soil,  must  be  confined  to  near  the  sur- 
face, for  otherwise  there  would  not  exist  a  block  of  solid 
rock  throughout  Chile;  nor  is  this  improbable,  as  it  is 
known  that  the  surface  of  a  vibrating  body  is  affected  dif- 
ferently from  the  central  part.  It  is,  perhaps,  owing  to 
this  same  reason,  that  earthquakes  do  not  cause  quite  such 
terrific  havoc  within  deep  mines  as  would  be  expected.  I 
believe  this  convulsion  has  been  more  effectual  in  lessening 
the  size  of  the  island  of  Quiriquina,  than  the  ordinary 
wear-and-tear  of  the  sea  and  weather  during  the  course  of 
a  whole  century." 

North  America, — The  earthquake  which  originated  near 
Charleston  (Carolina)  in  1887  has  been  carefully  investi- 
gated by  Capt.  Dutton  and  Dr.  Hayden,  and  some  of  their 
observations  have  already  been  mentioned.  This  earth- 
quake was  felt  at  a  distance  of  1,000  miles  in  more  than 
one  direction,  but  there  were  several  tracts  where  the 
intensity  of  the  shock  was  feeble  compared  with  its  effect 
on  the  surrounding  areas.  Two  of  these  are  quite  isolated, 
the  third  is  a  tongue-shaped  tract  over  the  north-west  part 
of  the  Appalachian  region  in  Virginia.  The  cause  of 
these  tracts  being  less  shaken  is  not  clear.  The  tract  over 
which  the  most  forcible  shocks  occurred  was  an  elliptical 
area  about  26  miles  long  and  18  wide  ;  the  major  axis  of 
this  was  not  a  straight  line,  but  a  curve,  with  its  concave 


1  ( 


'  Voyage  of  the  Beagle,"  edition  of  1860,  p.  393. 
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side  towards  Charleston,  and  lying  about  14  miles  from 
that  citj.  Along  this  line  there  were  three  points  which 
had  the  characters  of  epicentra,  indicating  apparently 
three  distinct  foci  or  centres  from  which  three  separate 
shocks  proceeded.  One  of  these  was  computed  to  lie  at 
about  12  miles  from  the  surface,  and  the  others  appeared 
to  be  at  the  same  depth. 

New  Zealand, — ^A  great  earthquake  occurred  in  New 
Zealand  in  1855,  during  which  a  tract  of  land  comprising 
4,600  square  miles  is  belieyed  to  have  been  permanently 
upraised ;  Sir  C.  Lyell  states  on  the  authority  of  Mr. 
Edward  Roberts,  K.E.,^  that  the  amount  of  elevation  in- 
creased eastward  and  attained  its  maximum  along  the 
Bimutaka  range  near  Port  Nicholson,  where  the  elevation 
was  9  feet.    The  land  on  the  west  side  of  these  mountains^ 


Fig.  14.    Fracture  and  upheaval  in  New  Zealand,  after  LyeU. 

forming  the  plain  of  Wairarapa,  was  not  raised  at  all,  the 
vertical  movement  ceasing  abruptly  along  the  base  of  the 
hills,  and  forming  a  line  of  fault  or  fracture  which  was 
traced  for  a  distance  of  90  miles. 

The  course  of  the  fracture  along  the  base  of  the  hills 
was  rendered  visible  by  a  nearly  perpendicular  cliff  of  fresh 
aspect  about  9  feet  in  height.  It  was  marked  moreover  in 
many  places  by  fissures  &om  6  to  9  feet  broad,  filled  here 
and  there  with  soft  mud  and  loose  earth.  The  relations  of 
the  rocks  on  either  side  of  this  dislocation  are  indicated  in 
the  diagram,  fig.  14,  the  hard  rocks  a  being  elevated,  while 
the  newer,  b,  remained  horizontal.  Previous  to  the  earth- 
quake there  had  been  no  room  to  pass  between  the  sea 
and  the  base   of  the  perpendicular  cliff  in  which  the 

'  Lyeirs  "  Principles,"  tenth  edition,  vol.  ii.  p.  86. 
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Bimutaka  range  terminates  in  Cook's  Strait,  except  for  a 
short  time  at  low  water ;  "  but  immediately  after  the  up- 
heaval a  gently  sloping  raised  beach,  more  than  100  feet 
wide,  was  laid  dr^',  affording  ample  space  at  all  states  of 
the  tide  for  the  passage  of  man  and  beast."  ^ 

Summary  of  Surface  Effects  produced  by  Earth- 
quakes.— 1.  Heaving  of  the  Ghround. — The  peculiar  motion 
felt  during  an  earthquake  results  from  a  combination  of 
two  kinds  of  movements ;  an  upward  shock  or  jerk,  and  a 
progressive  wave  or  rolling  movement,  and  it  is  this  com- 
bination which  produces  such  destructive  results.  The 
upward  shock  opens  the  cracks  and  joints  in  all  rocks 
as  well  as  in  the  walls  of  buildings,  and  the  undulating 
movement  rocks  them  to  and  fro,  shaking  down  bmldings 
and  hurling  large  masses  from  sea-cliffs  and  vaUej-sides. 

2.  Damming  up  of  Bivers. — The  masses  of  earth  and  rock 
thus  detached  from  the  sides  of  a  valley  often  block  up  the 
stream  at  the  bottom,  and  cause  the  formation  of  a  lake. 
If  the  barrier  remain,  and  the  stream  is  diverted  into  a  new 
course,  the  lake  may  be  permanent ;  but  if  the  dam  gives 
way  and  the  pent-up  waters  escape,  the  lake  is  drained  and 
destructive  floods  are  caused. 

3.  Opening  of  Cracks  and  Fissures, — Instances  of  such 
fissures  have  been  mentioned.  They  sometimes  open  and 
shut  again  rapidly  as  the  undulating  movement  passes  on, 
but  frequently  remain  as  open  clefts  or  chasms,  varying  in 
length  from  a  few  feet  to  as  many  miles.  Sometimes  one 
side  of  the  rent  is  at  a  higher  level  than  the  other,  such  a 
dislocation  forming  a  fault  in  the  rocks  below.  Eivers  are 
occasionally  engulfed  in  these  fissures,  and  pursue  an 
undergpround  course  for  some  distance. 

4.  Permanent  Cha/nges  of  Level. — These  are  the  most  im- 
portant geological  results  which  earthquakes  produce,  for, 
as  already  stated,  the  solid  land  is  sometimes  raised  or 
lowered  several  feet  at  a  time  over  large  areas.  The  extent 
of  such  movements  is  best  seen  along  the  sea-shore,  where 
in  the  one  case  a  new  strip  of  land  may  be  added  to  the 
coast-line  by  the  elevation  of  the  beach  and  adjacent  sea- 
bottom,  or  in  the  other  case,  if  depression  has  taken  place, 

^  Lyell,  op.  cii.  vol.  iL  p.  86. 
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the  sea  may  liave  overflowed  its  ancient  limits  and  en- 
croached upon  the  land.  Inland  the  slope  of  water-courses 
is  often  altered,  the  rapidity  of  the  current  being  increased 
or  diminished  according  to  circumstances,  and  sometimes 
rivers  are  diverted  from  their  former  channels.  An  instance 
of  this  in  South  America  is  mentioned  by  Dr.  Darwin,  on 
the  authority  of  a  resident  engineer. 

''Travelling  from  Casma  to  Huaraz  (not  very  distant 
from  Lima),  Mr.  Gill  found  a  plain  covered  with  ruins  and 
marks  of  ancient  cultivation,  but  now  quite  barren.  Near 
it  was  the  dry  course  of  a  considerable  river,  whence  the 
water  for  irrigation  had  formerly  been  conducted.  There 
was  nothing  in  the  appearance  of  the  water-course  to  indi- 
cate that  the  river  had  not  flowed  there  a  few  years  pre- 
viously ;  in  some  parts,  beds  of  sand  and  gravel  were  spread 
out ;  in  others,  the  solid  rock  had  been  worn  into  a  broad 
channel,  which  in  one  spot  was  about  40  yards  in  breadth, 
and  8  feet  deep.  It  is  self-evident  that  a  person  following 
up  the  course  of  a  stream,  will  always  ascend  at  a  greater 
or  less  inclination;  Mr.  Gill,  therefore,  was  much  asto- 
nished, when  walking  up  the  bed  of  this  ancient  river,  to 
find  himself  suddenly  going  down  hill.  He  imagined  that 
the  downward  slope  had  a  fall  of  about  40  or  50  feet 
perpendicular.  We  here  have  unequivocal  evidence  that  a 
ridge  had  been  uplifted  right  across  the  old  bed  of  a  stream. 
From  the  moment  the  river-course  was  thus  arched,  the 
water  must  necessarily  have  been  thrown  back  and  a  ne  v 
channel  formed.  From  that  moment  also,  the  neigbouring 
plain  must  have  lost  its  fertilizing  stream,  and  become  a 
desert.''     ("  Voyage  of  the  Beagle,"  edition  1860,  p.  359.) 

5.  AUernating  Movements. — One  of  the  most  interesting 
examples  of  alternating  movements  of  subsidence  and  up- 
heaval in  a  volcanic  district  is  that  afforded  by  the  remains 
of  the  celebrated  temple  of  Jupiter  Serapis  at  Puzzuoli  on 
the  Bay  of  Bai».  These  movements  may  not  all  have  been 
accomplished  suddenly  during  earthquakes,  but  there  is 
reason  to  believe  that  some  of  them  were,  and  though 
at  times  the  movement  may  have  been  slow  and  gradual 
it  was  evidently  due  to  the  same  local  causes. 

The  ruins  of  this  building  were  discovered  about  the 
middle  of  last  oenttiry,  and  excavations  disclosed  a  square 
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dered  it  necessarj  to  construct  a  new  floor  at  a  higher 
level. 

The  temple  area  was  filled  with  a  succession  of  stratified 
deposits,  consisting  of  marine  and  fresh- water  limestones 
with  two  layers  of  volcanic  tuff,  ejected,  probably,  from  the 
neighbouring  crater  of  the  Solfatara.  These  beds  concealed 
the  lower  part  of  the  columns  up  to  the  base  of  the  perfo-  , 
rated  band,  and  the  perforations  were  thus  evidently  made 
during  a  subsequent  subsidence  of  9  or  10  feet ;  the  lower 
portion  being  protected  from  their  attacks  by  the  accumu- 
lation of  sediment,  and  the  upper  part  at  the  same  time 
projecting  above  the  surface  of  the  sea. 

The  upper  limit  of  the  perforations  was,  in  1828,  about 
23  feet  above  the  level  of  the  sea,  so  that  there  had  been 
an  elevation  of  the  whole  area  to  at  least  this  extent.  This 
upheaval  appears  to  have  taken  place  during  the  16th 
century,  for  two  documents  are  cited  in  which  Ferdinand 
and  Isabella  of  Spain  grant  to  the  University  of  Pozzuoli  a 
portion  of  land  *'  where  the  sea  is  drying  up  "  (1503),  and 
again,  "  where  the  ground  is  dried  up  "  (1511).  This  seems 
to  indicate  that  a  slow  and  gradual  upward  movement  was 
taking  place  during  this  period,  but  it  is  probable  that  the 
principal  elevation  took  place  at  the  time  of  the  great  erup- 
tion of  Monte  Nuovo  in  1538.  Two  eye-witnesses  of  this 
convulsion  declare  that  the  sea  then  abandoned  a  consider- 
able tract  of  the  shore.  ^ 

The  oscillations  of  level  which  appear  to  have  occurred 
in  this  area  during  historic  times  may  therefore  be  thus 
summarized : — 

1.  Subsidence  of  5  feet  between  the  two  pavements. 

2.  Period  of  rest,  the  temple  built. 

3.  Gradual  subsidence  of  12  feet,  and  deposition  of 
sediment ;  subsidence  continued  for  9  feet  without  depo- 
sition. 

4.  Period  of  rest,  and  perforations  made  in  the  columns 
by  boring  molluscs. 

5.  (Gradual  upheaval  to  extent  of  more  than  23  feet. 

6.  Slight  subsidence  a^;ain  at  the  beginning  of  the  present 
century. 

*  "  Principles  of  Geology,"  tenth  edition,  vol.  iL  p.  174. 


CHAPTER  V. 

ELBYATION   AND   DEPBESSION   OF   LAND. 

WE  have  already  seen  that  movements  of  elevation  and 
depression  often  take  place  during  earthquakes,  and 
that  considerable  tracts  of  land  have  been  permanently 
raised  or  lowered  in  this  way.  We  have  now  to  learn  that 
in  some  parts  of  the  world,  where  no  great  earthquakes 
have  happened  during  the  periods  of  history,  there  have, 
nevertheless,  been  similar  changes  m  the  level  of  the  land, 
the  movements  often  affecting  large  areas  of  the  earth's 
crust,  and  taking  place  quite  gradually  and  imperceptibly, 
not  by  jumps  and  starts  as  in  the  case  of  earthquakes. 

There  is  also  reason  to  believe  that  both  kinds  of  move- 
ment may  take  place  at  different  times  in  th^  sarnie  area, 
slow  and  imperceptible  chaises  occurring  in  the  intervals 
between  the  sudden  shocks ;  there  is  proof,  moreover,  that 
intervals  of  rest  alternate  with  epochs  of  movement,  and 
that  sometimes  movements  of  elevation  have  succeeded 
movements  of  depression  in  the  same  area. 

The  signs  and  evidences  by  which  we  may  know  that  a 
movement  of  upheaval  or  one  of  subsidence  has  taken  place 
in  a  given  district  are  not  equally  obvious  in  both  cases. 
When  land  is  lifted  up  above  the  sea,  it  generally  brings  up 
with  it  some  proofs  of  its  having  once  been  under  water ; 
but  when  a  coast-line  is  sinking  below  the  sea-level,  the  fact 
is  less  easily  proved,  because  the  subsidence  soon  removes 
its  surface  from  our  inspection.  There  are,  however,  facts 
of  various  kinds  which  are  accepted  as  sufficient  evidence  of 
subsidence,  and  others  which  are  proofs  that  elevation  has 
taken  place.  It  will  be  useful,  therefore,  if  we  tabulate  the 
indications  which  can  be  adduced  as  evidence  for  such 
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changes  of  level,  and  exemplify  each  kind  of  testimony  by 
appropriate  instances. 

Proofs  of  Elevation. 

1.  Testimony  of  Human  Erections, — When  ancient  moles 
and  harbour  works  have  been  raised  above  the  level  of  the 
sea,  they  afford  very  convincing  proofs  of  upheaval,  but  it 
is  only  in  countries  where  man  has  resided  for  many  cen- 
turies that  such  testimony  can  be  looked  for.  The  island 
of  Crete  or  Oandia  is,  however,  a  case  in  point.  This 
island  is  about  135  miles  long,  and  Captain  Spratt,  R.N., 
ascertained  that  its  western  end  has  been  uplifted  17  feet 
above  its  ancient  level,  while  a  part  of  the  southern  coast 
has  risen  more  than  27  feet,  so  that  the  docks  of  the  ancient 
Greek  ports  are  now  above  water,  as  well  as  masses  of  lime- 
stone rock  drilled  by  lithodomi.  At  the  same  time,  the 
eastern  part  of  the  island  has  sunk  many  feet,  causing  the 
submergence  of  several  Greek  towns,  the  ruins  of  which  are 
still  visible  under  the  water. 

2.  Testimxmy  of  raised  Bocks  and  Islands. — The  coasts  of 
Norway  and  Sweden  consist  chiefly  of  hard  rocks,  and  are 
fringed  with  numerous  islets ;  and  as  there  are  no  tides  in 
the  Baltic  Sea,  conditions  are  there  peculiarly  favourable 
for  making  exact  observations  on  the  relative  level  of  land 
and  sea. 

Sonth  of  Stockholm  no  rise  is  perceptible,  and  it  appears 
that  there  has  even  been  depression,  but  north  of  that  city 
the  elevation  is  sufficiently  obvious.  It  was  observed  early 
in  the  last  century  by  Celsius,  who  remarks  that  "  several 
rocks  on  the  shores  of  the  Baltic  which  are  now  above 
water  (a.d.  1780),  were  not  long  before  simken  rocks,  and 
dangerous  to  navigators ;  one  especially,  which  in  the  year 
1680  was  on  a  level  with  the  su^ace  of  the  water,  is  20| 
Swedish  metres  above  it  (60  English  feet).  From  an  in- 
scription near  Aspo,  in  the  Lake  Maelar,  which  communi- 
cates with  the  Baltic,  engraved,  as  it  is  supposed,  above 
500  years  ago,  the  land  appears  to  have  risen  no  less  than 
13  Swedish  feet  (12-66  British)." ' 

^  Playfair's  **  Illastrations  of  the  Uiittonian  Theory,"  edition 
1822,  p.  436. 
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Celsius'  statements  excited  so  much  attention  and  discus- 
sion, that  lines  or  grooves,  together  with  the  date  of  the 
jear,  were  cut  in  the  rocks  at  different  places  along  the 
Baltic  to  indicate  the  ordinary  level  of  the  water  on  a  calm 
day.  In  1820-21  all  these  marks  were  examined  by  the 
officers  of  the  pilot  establishment  of  Sweden,  and  they  re- 
ported that  the  level  of  the  Baltic  was  certainly  lower, 
relatively  to  the  land,  than  it  had  been,  but  that  the  amount 
of  change  had  not  been  eveiywhere  the  same.  During 
their  survey  they  also  cut  new  marks  for  the  guidance  of 
future  observers. 

Sir  Charles  Lyell  visited  Sweden  in  1834,  with  the  view 
of  determining  this  question,  and  specially  examined  the 
marks  cut  on  the  shores  of  the  Gulf  of  Bothnia.  He  f  oimd 
that  the  level  of  the  sea  at  that  time  was  several  inches 
below  the  marks  cut  by  the  pilots,  and  from  2  to  3  feet 
below  the  more  ancient  marks.  Thus  at  Gefle,  north  of 
Stockholm,  for  example,  he  found  that  the  land  had  risen 
about  4  inches  in  the  interval  between  1820  and  1834,  and» 
consequently,  that  the  upward  movement  had  proceeded  at 
the  rate  of  about  2^-  feet  in  a  century.  He  ascertained  also 
that  the  testimony  of  the  inhabitants,  both  on  the  eastern 
coasts  and  on  the  western  near  Gothenburg,  agreed  with 
that  of  their  ancestors — viz.,  that  the  low  rocks,  both  on 
the  shore  of  the  mainland  and  on  the  islands,  are  more  and 
more  exposed  to  view.^ 

3.  Tegtimony  of  Marine  Shells, — The  evidence  already 
cited  refers  only  to  recent  historic  times,  but  there  are 
other  and  convincing  proofs  that  the  elevation  of  Scandi- 
navia has  been  going  on  for  many  centuries,  and  that 
similar  upward  movements  have  taken  place  in  many 
other  parts  of  the  world.  The  first  of  these  proofs  is  the 
existence  of  beds  of  sea-shells,  sometimes  many  miles  in  the 
interior  of  the  country,  and  often  at  a  height  of  several 
hundred  feet  above  the  present  level  of  the  sea. 

In  Sweden,  for  example,  such  banks  containing  recent 
marine  shells  have  been  met  with  at  many  localities,  and 
at  various  heights,  from  10  to  200  feet.  Between  Stock- 
holm and  Gkfie  there  are  deposits  containing  shells  of  the 
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same  species  as  now  inhabit  the  brackish  waters  of  the 
Bothnia  Gulf  up  to  elevations  of  100  feet.  Lyell  traced 
these  beds  inland  to  a  point  on  the  southern  shores  of  Lake 
Maeler,  about  70  miles  from  the  sea  ;  and  M.  Erdman  has 
subsequently  traced  them  to  Linde,  a  distance  of  130  miles 
from  the  sea,  where  they  occur  at  a  height  of  280  feet. 

Similar  beds  of  sea-shells  have  also  been  found  at  an 
elevation  of  200  feet  on  the  northern  border  of  Lake 
Wener,  50  miles  from  the  western  coast,  so  that  a  very 
large  area  must  have  been  added  to  Sweden  in  compara- 
tively recent  times. 

Uddevalla,  near  Wenersburg,  is  another  place  where  beds 
of  recent  shells  have  been  found ;  and  here  M.  Alex. 
Brongniart,  on  removing  part  of  the  shell  deposit,  per- 
ceived that  the  underlying  surface  was  covered  with  bar- 
nacles still  firmly  adhering  to  the  rocks.  This  observation 
was  verified  by  Sir  C.  Lyell  by  a  similar  discovery  at 
another  spot  near  XTddevalla.* 

Ldl  parts  of  Norway  deposits  containing  sea-shells  of  re- 
cent species  occur  at  elevations  of  600  and  even  700  feet, 
according  to  Mr.  Torell. 

Dr.  Darwin  has  described  the  beds  of  sea-shells  which 
he  found  at  various  heights  above  the  sea  along  the  west 
coast  of  South  America.  Commencing  at  Tierra  del  Fuego, 
he  traced  them  for  a  distance  of  2,075  miles  along  the 
western  coast,  and  at  various  elevations,  from  300  to  1,300 
feet  above  the  sea.  They  occur  in  connection  with  the 
raised  beaches  presently  to  be  mentioned ;  and  Darwin  re- 
marks that  the  shells  at  the  lower  levels  were  fresh,  but 
thtct  those  at  the  greater  heights  were  brittle  and  decom- 
posed from  prolonged  exposure  to  the  weather.  Those 
near  Valparaiso,  where  he  found  them  up  to  a  height  of 
1,300  feet,  were  embedded  in  a  reddish  mould,  having  a 
guano-like  smell,  and  in  which  minute  fragments  of  sea- 
urchins  and  other  marine  animals  could  be  detected. 

4.  Testimony  of  Raised  Beaches, — A  beach  may  be  defined 
as  an  accumulation  of  sand  or  shingle  piled  up  by  the  action 
of  the  waves  against  a  shore  line.  Wherever  the  shore  is 
backed  by  a  range  of  cliffs  a  beach  is  formed  along  their 


1  (( 


PriDciples,"  voL  ii.  p.  192. 


^j|*»rmed 
_  ;■  n  ehelf 

i>J|l|^AA'9^9i!B  sea 

'(j^'^lSfA^f  the  . 
■  idre- 


Sgn^j^^wi  the 


ise    sudden 

and  imper- 

had  pro- 

Baised 

and  form 

places  very 


1  B  swi|;«"'«-' 


72  DTNAMICAL  GEOLOGY.  [sBC.  I. 

At  the  base  of  the  cliffs,  and  bounding  the  modem 
beach,  there  is  a  low  wall  or  terrace  of  chalk,  and  upon 
this  rests  a  bed  of  sand  (o,  in  fig.  19),  of  irregular  thick- 
ness and  variable  extent.  From  this  sand  marine  shells 
and  the  jaw  of  a  whale  have  been  obtained.  Upon  this 
sand  is  a  bed  of  loose  shingle  similar  to  that  of  the  present 
beach,  though  the  pebbles  of  which  it  consists  are  not  all 
flints.  In  this  ancient  shingle  the  teeth  and  bones  of 
various  extinct  animals  have  been  discovered. 

The  rest  of  the  clifE  above  the  shingle  bed  consists  of  a 
mass  of  chalk  rubble  and  loam,  obscurely  stratified,  and 
varying  in  thickness  from  50  to  120  feet.  This  is  a  ter- 
restial  deposit,  and  was  named  the  "Elephant  bed"  by 
Dr.  Mantell,  on  account  of  its  containing  so  many  teeth 
and  bones  of  the  extinct  elephant,  known  as  the  mammoth, 
together  with  the  remains  of  other  animals,  such  as  the 
rhinoceros,  horse,  deer,  and  oxen. 

These  facts  demonstrate  the  following  series  of  changes 
in  the  relative  level  of  land  and  sea : — 

1.  The  chalk  terrace  on  which  the  sand  and  shingle  rest 
was  at  the  sea-level  for  a  long  period,  and  a  beach  was 
formed  at  the  base  of  the  chalk  cliffs  then  existing. 

2.  The  land  was  elevated,  probably,  to  a  higher  level 
than  that  at  which  it  now  stands,  and  the  Elephant  bed 
was  accumulated  in  an  old  hollow  or  valley. 

8.  The  present  cliffs,  with  the  modem  beach  at  their 
base,  have  been  formed  by  the  action  of  the  sea,  which 
will  be  described  in  a  future  chapter. 

Scotland, — Well-marked  terraces  with  raised  beaches 
have  been  traced  at  intervals  along  the  Scottish  coasts,  four 
or  five  sometimes  occurring  one  above  the  other,  at  heights 
of  25,  40,  60,  75,  and  100  feet  above  the  present  high- 
water  mark.'  The  lowest  of  these  is  thus  described  by 
Professor  A.  Gkikie : — ''  For  many  miles  on  both  the  eastern 
and  western  sides  of  Scotland  a  flat  platform,  but  slightly 
raised  above  the  sea,  winds  along  the  coast,  bounded  on 
the  outer  edge  by  the  line  of  high  water,  on  the  inner  by 
a  more  or  less  precipitous  bank  of  clay  or  rock.     Most  of 

^  *<Good  Words,"  1868,  p.  62.  See  also  *<The  Scenery  and 
Geology  of  Scotland,"  secona  edition,  1887,  p.  38. 
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the  seaport  towns  are  built  upon  this  level  terrace,  and 
it  furnishes  an  admirable  route  for  roads  and  railways 
which  skirt  the  shore.  It  consists  of  stratified  sand  and 
gravel,  sometimes  full  of  sea-shells,  and  arranged  after 
the  same  fashion  in  which  similar  materials  are  now  being 
deposited  upon  the  present  beach.  The  platform  is  in 
truth  an  old  sea-beach,  and  marks  a  time  when  the  land 
was  20  or  30  feet  lower  than  it  is  to-day,  and  when  the 
sea  broke  against  the  line  of  steep  slope  or  cliff  which 
now  rises  as  a  green  leafy  bank  along  the  inner  edge  of 
the  beach."  The  platform  is  covered  with  meadows  and 
cornfields  which  run  up  to  the  base  of  the  cliffs.  (Fig.  17.) 
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Fig.  20. 

a,  raised  beach.  c,  cliff. 

b,  cave.  s  s,  high-water  mark. 

6.  Testimony  of  Old  Secb-Caves, — The  formation  of  caves 
by  the  action  of  the  sea- waves  beating  against  a  line  of 
cliffs  will  be  described  in  a  future  chapter.  The  caves 
are  excavated  at  the  foot  of  the  cliffs,  and  consequently,  if 
the  coast  is  afterwards  elevated,  these  caves  will  remain  as 
evidence  of  the  level  at  which  the  land  formerly  stood. 
Excellent  examples  of  such  old  cliffs  and  caves  occur  at 
various  heights  along  the  rocky  coasts  of  Scotland  up  to  a 
level  of  100  feet  above  the  sea,  and  are  often  associated 
with  the  raised  beaches  (as  in  fig.  20). 

Along  the  coast  of  Cantyre  there  are  numerous  caves  at 
the  foot  of  the  cliffs  which  border  the  25  foot  beach,  which 
is  thus  described  by  Professor  Hull:^ — "All  along  the 
coast  the  ancient  sea-margin  may  be  traced  by  a  Ime  of 

»  "  GeoL  Mag.,"  voL  iii.  p.  6. 


1 


74  DYNAMICAL  GEOLOGY.  [SBC.  I. 

cliffs  of  various  degrees  of  steepness  according  to  the 
nature  of  the  rock.  .  .  .  From  the  base  of  this  cliff  a 
slightly  shelving  terrace  extends  to  the  present  sea-margin, 
on  which*  most  of  the  villages  are  built.  .  .  .  The  caves 
whch  are  found  at  intervals  all  round  the  coast,  and  which 
form  a  range  of  natural  rock-hewn  compartments  at  a  level 
of  10  to  30  feet  above  the  present  tidal  limits,  are  perhaps 
the  most  convincing  of  all  the  various  evidences  of  ancient 
sea-action."  Some  of  these  caves  near  Campbelton  and 
Neill  are  specially  described,  ajid  extend  into  the  diff  for 
a  distance  of  120  feet. 


Proofs  of  Depression. 

It  has  already  been  remarked  that  the  proofs  of  the 
submergence  of  land  are  not  generally  so  obvious  as 
those  of  its  elevation ;  so  that  to  a  careless  observer  eleva- 
tion will  appear  to  have  been  more  general  than  depres- 
sion in  most  parts  of  the  earth.  In  some  cases,  however, 
there  is  direct  evidence  in  the  actual  submergence  of  build- 
ings and  former  land-surfaces ;  and  in  other  cases  the  fact 
of  depression  can  be  as  certainly  deduced  from  the  position 
of  the  river  valleys  in  relation  to  the  present  level  of  the 
sea. 

1.  Tegtitnony  of  Htiman  Erections. — Where  the  land 
has  been  sinking  for  a  long  time,  the  ruins  of  ancient 
towns  and  buildings  are  sometimes  visible  beneath  the  sea ; 
as,  for  instance,  at  the  east  end  of  Candia,  mentioned  on 
p.  66.  It  is  necessary,  however,  to  point  out  that  the 
mere  encroachment  of  the  sea  upon  the  land  cannot  be 
accepted  as  proof  of  subsidence,  because,  as  will  be  ex- 
plained in  a  future  chapter,  the  waves  can  cut  back  a 
coast  line,  and  cause  the  successive  disappearance  of  fields, 
houses,  and  villages,  without  being  aided  by  any  movement 
of  depression.  It  is  requisite,  therefore,  that  the  relation 
of  the  buildings  to  the  sea  should  be  such  as  to  demonstrate 
that  an  actual  change  of  level  has  taken  place. 

This  is  the  case  on  the  western  coast  of  Greenland, 
which  was  surveyed  by iCaptain  Graah  and  Dr.  Pingel  between 
the  years  1823  and  1832.    They  arrived  at  the  conclusion 
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that  the  land  had  been  sinking  for  the  last  four  centuries 
between  Igaliko,  in  GO""  43'  N.  lat.,  and  Disco  in  69°,  a  space 
of  600  miles'.  **  Ancient  buildings  on  low  rocky  islands 
have  been  gradually  submerged,  and  experience  has  taught 
the  aboriginal  Greenlander  neyer  to  build  his  hut  near  the 
water's  edge.  In  one  case  the  Moravian  settlers  hi^ve  been 
obliged  more  than  once  to  move  inland  the  poles  upon 
which  their  large  boats  were  set,  and  the  old  poles  still  re- 
main beneath  ti^e  water  as  silent  witnesses  of  the  change."  ^ 
Again,  in  Scania,  the  most  southerly  part  of  Sweden,  there 
is  similar  eyidence  that  the  land  is  sinking.  In  many  of 
the  seaport  towns  some  of  the  streets  are  below  the  level 
of  high- water  mark,  and  ancient  streets  have  been  found 
at  a  still  lower  level.  Thus,  at  Malm5,  one  of  the  present 
streets  is  overflowed  by  the  waters  of  the  Baltic  when  the 
wind  is  high,  and  excavations  made  some  years  ago  dis- 
closed an  ancient  street  at  a  depth  of  8  feet  below  the 
present  one.  There  is  a  large  stone  at  Trelleborg,  the 
distance  between  which  and  the  sea-margin  was  measured 
by  LinnsBus  in  1749,  and  in  1836  it  was  found  to  be  100 
feet  nearer  the  water's  edge  than  it  was  eighty-seven  years 
before. 

3.  Testimony  of  Submerged  Forests. — When  a  tract  of 
land  is  depressed  beneath  the  sea,  its  superficial  layer  is 
generally  removed  by  the  action  of  the  waves ;  but  under 
&tvourable  circumstances,  in  sheltered  bays  and  estuaries, 
or  by  the  formation  of  sand  dunes,  the  old  terrestrial 
surface  is  sometimes  preserved,  and  the  stumps  of  old 
trees  are  often  seen  on  the  shore  at  and  below  present  low- 
water  mark.  De  la  Beche  thus  describes  the  remains  of 
such  an  old  land  surface  exposed  along  the  south-west 
coast  of  England.'  "  Round  the  shores  of  Devon,  Corn- 
wall, and  West  Somerset,  a  vegetable  accumulation,  consist- 
ing of  plants  of  the  same  species  as  those  which  now  grow 
freely  on  the  adjoining  land,  is  frequently  discovered,  occur- 
ring as  a  bed  at  the  mouths  of  valleys,  at  the  bottoms  of 
sheltered  bays,  and  in  front  of  and  under  low  tracts  of 
land,  the  seaward  side  of  which  dips  beneath  the  present 
level  of  the  sea." 

»  LyeU,  "  Principles  of  Geology,"  ii.  p.  196. 

'  '*  Geological  Report  on  Devon  and  Cornwall,"  p.  420. 
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Similar  beds  of  peatj  matter  occur  at  numerous  points 
all  round  the  coasts  of  Great  Britain  and  Ireland,  proving 
that  the  last  moTement  to  which  these  islands  have  been 
subjected,  was  one  of  depression.  Two  instances  may  be 
adduced : — 

1.  In  the  harbour  of  Holjhead  a  bed  of  peat  3  feet  thick, 
with  the  stumps  and  roots  of  trees,  is  exposed  at  low  water, 
and  stretches  upward  to  a  slight  eleyation  above  the  sea, 
where  the  excavations  made  for  the  railway  in  1849,  showed 
that  it  was  covered  by  stifE  blue  clay,  and  brought  to  light 
two  perfect  heads  of  the  extinct  elephant  known  as  the 
Mammoth. 

2.  A  submerged  forest  of  large  exent  exists  off  the  north 
coast  of  Norfolk  from  Hunstanton  to  Brancaster  Bay. 
The  portion  exposed  at  low-water,  north  of  Hunstanton 
cliff  end,  is  about  a  mile  and  a  half  from  high- water  mark, 
and  consists  of  a  thick  bed  of  black  peaty  matter,  composed 
of  small  twigs,  branches,  leaves,  and  other  vegetable  re- 
mains matted  together,  and  enclosing  the  trunks,  stumps, 
and  roots  of  large  timber  trees.  The  forest  here  occupies 
an  area  of  at  least  500  or  600  acres,  and  among  the  roots 
are  occasionally  found  the  remains  of  deer  and  oxen, 
proving  that  these  animals  once  roamed  through  the  forest. 
Possibly  also  they  may  have  been  hunted  here  by  the  early 
inhabitants  of  Britain,  for  a  flint-celt  or  axe  was  found  em- 
bedded by  its  cutting-edge  for  a  depth  of  an  inch  and  a 
half  in  the  trunk  of  one  of  the  trees.  A  similar  forest-bed 
is  found  along  parts  of  the  Lincolnshire  coast,  and  is  over- 
laid by  the  recent  clays  of  the  marshland.^  ^ 

3.  Testimony  of  Buried  Valleys, — That  rivers  make  their 
own  valleys  will  be  proved  in  a  subsequent  chapter,  but 
their  excavating  power  generally  ceases  long  before  they 
reach  the  sea,  and  in  no  case  can  a  river  deepen  its  channel 
more  than  a  few  feet  below  the  low-tide  level.  When, 
therefore,  borings  disclose  the  existence  of  valleys,  the 
rocky  bottoms  of  which  are  60,  70,  or  100  feet  below  the 
sea-level,  and  which  are  filled  up  with  deposits  of  gravel, 
sand,  and  clay,  we  may  conclude  that  they  are  parts  of  an 

'  For  other  examples  of  submerged  forests,  see  '^Geol.  Mag.," 
vol.  vii.  p.  164,  and  Dec.  2,  vol.  iii  p.  491.  "  Quart.  Joum.  Geol. 
See.,"  zxxiv.  p.  447. 
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old  land  surface  which  has  sunk  beneath  the  sea.  When 
such  valleYs  were  formed  the  land  must  have  stood  at  a 
higher  level,  ike  sea  must  have  been  further  off,  and  the 
valley  floor  must  have  been  above  its  level ;  consequent! j,  if 
the  bottom  of  the  valley  is  now  100  feet  below  the  sea- 
level,  it  is  proof  that  there  has  been  a  subsidence  of  at  least 
that  extent. 

Such  buried  valleys  are  not  uncommon  in  the  British 
islands ;  for  instance,  the  rivers  Yare  and  Waveney,  in  Nor- 
folk, flow  through  flat  alluvial  tracts  for  many  miles  be- 
fore they  reach  the  sea,  the  width  of  the  valleys  being  great 
in  proportion  to  their  apx)arent  depth ;  though  the  real 
depth  of  the  original  valley  is  in  accordance  with  this 
width.    In  the 'valley  of  the  Yare,  at  Wroxham  Bridge, 


Fig.  21.    The  buried  Valley  of  the  Mersey. 

Horizontal  scale,  2  inches  to  a  mile.  M,  present  valley ;  o,  ancient 
valley  filled  with  drift ;  w,  site  of  Wianes ;  B,  site  of  Runcorn ; 
s  s,  sea-level. 

there  is  as  much  as  70  feet  of  detrital  matter  between  the 
present  alluvial  level  and  the  chalk  which  forms  the  bottom 
of  the  actual  valley. 

Borings  at  the  mouth  of  the  river  Tees  prove  that  the 
bottom  of  the  ancient  valley  is  about  200  feet  below 
Ordnance  datum,  or  mean  sea-level ;  and  a  boring  near  the 
mouth  of  the  Tyne  was  carried  to  a  depth  of  124  feet  with- 
out reaching  the  rock-bed  of  the  valley. 

Again,  borings  at  Widnes,  on  the  north  side  of  the 
estuary  of  the  Mersey,  have  shown  that  there  is  a  buried 
valley  nearly  a  mile  in  breadth  and  with  an  extreme  depth 
of  163  feet  from  the  present  surface,  and  141  feet  below 
Ordnance  datum.  Fig.  21,  which  is  copied  from  that  drawn 
by  Mr.  Mellard  Beade,  shows  the  comparative  size  of  the 
present  and  the  ancient  valley  of  the  Mersey  between  Bun- 
corn  and  Widnes. 

Similar  old  valleys  and  river  channels  have  been  dis- 
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covered  in  Scotland,  so  completely  buried  by  subsequent 
deposits  that  there  is  no  indication  of  their  presence  on  the 
surface ;  in  some  cases  the  sites  of  these  bucied  valleys  are 
covered  by  low  hills  or  mounds  more  than  100  feet  high, 
so  that  the  courses  of  the  ancient  rivers  must  have  been 
very  different  from  the  present  streams. 

One  of  these  old  river  channels  has  been  traced  from 
Kilsith  in  Stirlingshire  to  Grangemouth  on  the  Firth  of 
Forth.  The  surface  of  the  ground  at  Kilsith  is  now  160 
feet  above  the  sea,  and  the  old  valley  bottom  lies  at  a 
depth  of  120  feet,  or  40  feet  above  the  sea;  thence  it  slopes 
gradually  eastward  till  at  Grangemouth  the  old  channel  is 
260  feet  below  the  sea-level.^ 

At  the  time,  therefore,  when  this  channel  was  occupied  by 
the  river  which  made  it,  the  land  must  have  been  at  least 
260  feet  higher  out  of  the  sea  than  it  is  now,  an  elevation 
which  would  be  sufficient  to  imite  the  British  islands  to 
the  continent  of  Europe- 

4.  Teetimony  of  Fiords. — ^A  fiord  is  a  long  narrow  inlet 
of  the  sea  which  does  not  terminate  abruptly,  but  is  the 
continuation  of  an  inland  glen  or  valley.  It  is,  in  fact,  part 
of  a  depreBsed  vaUey  which  is  filled  with  sea-water  in- 
stead  of  being  choked  up  with  sand  and  mud,  as  in  the  case 
of  the  English  valleys.  The  term  fiord  is  a  Norwegian  name 
for  such  narrow  inlets,  and  is  the  same  as  ova  firth ;  it  is  the 
multitude  of  these  firths  or  fiords  which  cause  the  outline 
of  the  Scottish  and  Norwegian  coasts  to  present  such  a 
peculiarly  irregular  and  indented  appearance.  All  the 
larger  glens  and  valleys  of  western  Scotland  terminate  in 
fiords,  or  lochs  as  they  are  there  called,  which  are  simply 
the  submerged  prolongations  of  the  glens ;  their  existence 
is  a  proof  that  the  whole  country  once  stood  at  a  higher 
level  than  it  does  now,  and  that  it  has  not  yet  been  raised 
again  to  the  level  it  occupied  when  the  glens  and  channels 
were  formed.  In  the  same  way  the  fiords  of  the  Norway 
coast  prove  that  a  depression  took  place  before  the 
present  rise  of  the  country,  and  that  the  land  has  not 
yet  been  re-elevated  to  the  level  at  which  it  previously 
stood,  when  these  ancient  valleys  were  first  excavated. 

>  J.  CroU,  ** Trans.  Geol.  Soc.  Edin.,'*  vol.  i.  p.  330. 


CHAP.  T.]      ELEVATION  AND  DEPRESSION  OF  LAND.        79 

5.  CorcU  Beefs. — Certain  forms  of  coral  reefs  are  by  some 
geologists  regarded  as  evidence  of  subsidence.  The  growth 
and  formation  o{  such  reefs  will  be  described  in  a  future 
chapter  (xvi.),  and  the  view  that  barrier-reefs  and  atolls 
can  only  be  found  in  a  sinking  area  will  be  discussed. 
Darwin,  Dana,  Jukes,  and  other  observers  have  maintained 
this  view,  but  it  is  opposed  bj  most  recent  writers  on  the 
subject.  Eaised  coral-reefs  are,  of  course,  as  undisputable 
proofs  of  upheaval  as  raised  beaches  are. 

General  Conclusion. — Combining  all  the  evidence 
whicli  has  been  presented  to  the  reader  in  this  and  the 
preceding  chapter,  we  arrive  at  the  conclusion  that  the 
earth's  crust,  instead  of  being  a  rigid,  immovable  mass,  as 
was  formerly  supposed,  is,  and  always  has  been,  utterly 
unstable.  It  is  probable,  indeed,  that  no  part  of  the  land 
remains  stationary  for  any  long  period  of  time,  geologically 
speaking ;  but  is  eventually  either  slowly  depressed,  or  as 
slowly  upraised  to  a  still  higher  elevation  above  the  sea. 
It  is  certain,  at  any  rate,  that  the  form  of  the  great  con- 
tinents has  been  continually  altered,  parts  being  elevate^ 
and  parts  depressed,  so  that  every  portion  has  in  its  turn 
been  brought  beneath  the  level  of  the  sea.  It  is  certain, 
also,  that  every  country  is  now  dry  land  only  because  it 
has  been  upraised  from  beneath  the  neighbouring  sea. 
This  great  truth  will  be  still  further  demonstrated  in  sub- 
sequent chapters. 


^ 


SECTION  II. — Changes  produced  by   the  Agencies 
which  operate  on  the  Surface  of  the  Earth's  Crust. 

IN  civilized  countries  and  temperate  climates,  and  espe* 
ciallj  in  regions  like  our  own,  where  volcanoes  are  un- 
known, where  no  loftj  mountain  ranges  exist,  and  where 
all  natural  phenomena,  such  as  rainfall,  rivers,  hills,  and 
valleys,  are  on  a  comparatively  small  scale,  people  are  apt 
to  underrate  the  amoimt  of  change  which  is  really  taking 
place  all  over  the  surface  of  the  earth,  but  which  is  much 
more  apparent  and  rapid  in  some  regions  than  in  others. 

Moreover,  those  parts  of  our  own  country  where  natural 
agencies  of  change  are  most  active  are,  as  a  rule,  the  most 
thinly  populated;  men  do  not  congregate  on  high 
mountains  or  on  rocky  coasts,  but  build  their  towns  in 
the  lowlands  and  fertile  districts,  where  perhaps  only  an 
occasional  flood  or  storm  serves  to  remind  them  that  the 
forces  of  nature  are  not  always  gentle  and  regular  in  their 
action. 

Lastly,  the  efforts  of  the  human  race  are  continually 
directed  to  the  control  of  these  natural  forces ;  ditches  are 
dug  to  carry  off  the  rain  that  falls  on  the  land;  rivers 
are  embanked  and  made  to  keep  within  definite  courses  ; 
walls,  groynes,  and  breakwaters  are  constructed  to  stop  the 
sea  from  eating  away  the  coast,  and  the  excessive  action 
of  every  natural  agency  is  prevented  as  far  sis  possible. 

It  is  not  surprising,  therefore,  that  those  who  live  in  a 
lowland  country,  and  who  have  never  travelled  far  from 
the  homes  in  which  thev  were  bom,  should  find  it  difficult 
to  realize  the  work  that  may  be  done,  and  the  results  that 
are  actually  accomplished,  by  the  uncontrolled  forces  of 
nature  in  other  parts  of  the  world.  They  see  around  them 
in  old  age  the  same  fields,  the  same  slopes,  and  the  same 
watercourses  which  they  knew  when  they  were  childreut 
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and  they  are  apt  to'  think  that  things  had  always  been  as 
they  had  always  seen  them. 

In  these  days,  howeyer,  people  travel  very  much  more 
than  their  ancestors  did,  and  many  thus  become  aware 
that  in  uncultivated  districts,  on  exposed  coasts,  on  moor- 
lands and  mountains,  and  in  regions  that  are.  exposed  to 
the  extremes  of  heat  or  cold,  operations  are  in  progress 
which  often  cause  a  large  amount  of  change  even  within 
the  duration  of  a  human  lifetime.  In  other  countries,  too, 
the  traveller  may  view  the  delta  Of  a  large  river,  he  may 
visit  a  coral  island,  he  may  perchance  experience  or  see  the 
effects  of  an  earthquake  shock,  or  he  may  find  sea-shells 
of  recent  species  bleaching  on  slopes  that  are  now  several 
hundred  feet  above  the  sea.  Still,  it  does  not  often  fall  to 
the  lot  of  one  man  to  witness  all  these  things,  as  well  as 
the  many  other  evidences  of  change  that  might  be  men- 
tioned ;  and  many  a  traveller  has  returned  home  without 
comprehending  the  part  which  such  changes  have  played 
in  the  economy  of  nature. 

There  are,  moreover,  certain  processes  of  change  which 
the  physical  conditions  of  man's  existence  make  it  difficult 
for  him  to  study,  even  when  he  specially  desires  to  do  so. 
Those  who  live  by  the  seaside  are  familiar  with  some  of 
the  alterations  effected  by  waves  and  currents  on  its 
shores,  but  they  cannot  see  below  the  surface  of  the  open 
sea  and  watch  tiie  drifting  of  sand  into  banks,  or  the  slow 
accumulation  of  mud  and  ooze  in  the  deeper  water.  It 
requires  the  dredge  and  sounding  apparatus  to  give  us  any 
information  about  the  deposits  which  are  being  formed  at 
the  bottom  of  our  seas  and  lakes.  Consequently,  as  Sir 
Charles  Lyell  remarks,^  ''It  is  not  surprising  that  we 
estimate  very  imperfectly  the  result  of  operations  thus  in- 
visible to  us ;  and  that  when  analogous  results  of  former 
epochs  are  presented  to  our  inspection,  we  cannot  imme- 
diately recognize  the  analogy.  He  who  has  observed  the 
quarrying  of  stone  from  a  rock,  and  has  seen  it  shipped 
for  some  distant  port,  and  then  endeavours  to  conceive 
what  kind  of  edifice  will  be  raised  with  the  materials,  is  in 
the  same  predicament  as  a  geologist,  who,  while  he  is  con- 

'  "  Principles  of  Geology,**  tenth  edition,  vol.  i.  p.  09. 
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fined  to  the  land»  Bees  the  decomposition  of  rocks  and  the 
transport  of  matter  bj  rivers  to  the  sea,  and  then  endea- 
YOTirs  to  picture  to  himself  the  new  strata  which  nature  is 
building  beneath  the  waters." 

In  the  following  chapters  we  shall  endeavour  to  assist 
the  reader  to  form  some  conception  of  the  effects  which 
are  produced  by  these  processes  of  destruction  and  con- 
struction, by  bringing  to  his  notice  such  examples  of  their 
action  as  have  been  described  by  experienced  observers  in 
various  parts  of  the  world. 

It  is  assumed  that  the  student  has  read  some  ele- 
mentary treatise  on  Physical  Gbogiraphy,  and  has  thereby 
acquired  some  knowledge  of  common  atmospheric  pheno- 
mena, and  of  the  general  physical  features  of  the  globe. 
He  will  then  be  prepared  to  follow  the  more  detailed 
descriptions  of  the  important  effects  which  heat  and  cold, 
rain  and  frost,  running  water  and  moving  ice,  produce 
upon  all  surfaces  exposed  to  their  action.  Some  of  these 
agents  are  chiefly  engaged  in  breaking  up  and  wearing 
down  the  rock-masses,  others  are  more  concerned  in  trans- 
porting and  re-arranging  the  detritus,  but  the  ultimate 
result  to  which  all  contribute  is  the  re-construction  of 
these  materials  and  their  deposition  as  new  formations  in 
the  beds  of  rivers,  lakes,  and  seas. 

In  considering  the  operations  of  these  agencies,  there- 
fore, it  will  be  desirable  to  arrange  our  descriptions  in  two 
divisions,  confining  our  attention  in  the  first  part  to  their 
destructive  and  dispersive  effects,  and  leaving  to  the  second 
division  the  consideration  of  what  may  be  termed  their  col- 
lective and  reconstructive  effects. 

The  processes  of  disintegration  and  erosion  with  which 
we  are  to  deal  in  this  and  the  following  chapters  may  be 
thus  classified : — 

Agents.  Action. 

n.  Pluviatile  Agencies,   j  «|-P„    ;    ;    ;    il^ScT" 
in.  Marine  Agencies.       {  Jj^.?^^  ^  f ""*"  ;  |  Mechanical. 


A.     Processes  of  Disintegration. 
CHAPTEB   VI. 

I.    TSBBB8TBIAX  AQENCIES. 

IT  is  common  matter  of  obBervation  that  all  rock-sur- 
faces which  have  been  exposed  to  the  action  of  the 
weather  for  any  length  of  time  show  a  tendency  to  decay 
and  crumble  away.  The  agencies  concerned  in  producing 
this  weathering,  or  disintegration,  are  several ;  they  act  both 
chemically  and  mechanically,  but  they  are  all  so  intimately 
connected  in  their  operations,  that  any  given  case  of  dis- 
integration can  generally  be  shown  to  be  the  result  of  the 
conjoined  action  of  two  or  more  of  them. 

They  may,  however,  be  arranged  as  follows,  and  we  shall  en- 
deavour, as  far  as  possible,  to  consider  their  separate  effects. 

Agents.  Mode  of  action. 

r  -p.  (  Chemical  and 

*     '     '     '      I  Mechanical. 
Wind      ....  Mechanical. 
Heat  and  cold .     .  Mechanical. 
^  Frost Mechanical. 

TT  J  J      T>       1  x-  X         /  Chemical  and 

Underground  =  Percolating  water     j  Mechanical. 

The  mechanical  effects  of  these  natural  agents  can  be 
easily  understood,  but  to  comprehend  their  chemical 
action,  the  student  must  have  some  knowledge  of  the 
rudiments  of  chemical  science.  These  are  now  so  fre- 
quently taught  in  schools,  that  we  assume  the  reader  has 
a  sufficient  knowledge  of  chemical  elements  and  their  com- 
pounds to  understand  the  explanation  of  the  chemical 


Atmospheric. 
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action  of  water ;  but  if  lie  has  not  this  knowledge,  he  will 
find  a  brief  notice  of  snch  compomids,  and  of  the  principal 
rock-making  minerals,  in  the  second  part  of  this  book. 


Atmospheric  Agents. 

Rain,  and  what  becomes  of  it. — ^AU  the  rain  which 
falls  upon  the  surface  of  the  land  is  disposed  of  in  one  of 
three  ways :  1.  Some  of  it  is  immediately  returned  again  to 
the  atmosphere  by  evaporation.  2.  Some  of  it  trickles  down 
slopes,  and  collects  into  rills  and  streams,  which  flow  over 
the  surface  of  the  land.  8.  Some  of  it  sinks  into  the 
ground,  and  percolates  through  cracks  and  joints  of  the 
rocks.  The  rain-water  which  flows  over  the  surface  operates 
as  a  mechanical  agent,  and  carries  off  with  it  particles  of 
the  soil  or  rock  over  which  it  passes  in  mechanical  sus" 
pension.  The  rain-water  which  sinks  into  the  ground  acts 
chemically,  it  dissolves  certain  portions  of  the  rocks,  through 
which  it  percolates,  and  carries  them  away  in  chemical 
iohUion, 

Some  of  this  percolating  water  is  thrown  out  again  to 
the  surface  in  the  form  of  springs,  but  the  remainder 
penetrates  still  further  into  the  substance  of  the  earth, 
where,  with  the  aid  of  heat  and  pressure,  it  effects  great 
changes  in  the  chemical  constitution  of  the  more  deeply- 
seated  rocks,  and  is  largely  concerned  in  producing  the 
phenomena  of  hot  springs. 

The  Chemical  Action  of  Rain. — Carbonic  and  Humus 
Acids. — Before  proceeding  to  describe  the  chemical  effects 
of  rain-water  on  the  earth,  a  few  words  of  explanation  are 
necessary,  in  order  that  the  source  of  its  chemical  energy 
mav  be  properly  understood.  Pure  rain-water  would  have 
little  effect  upon  any  rock-substance  except  common  salt ; 
its  rotting  and  dissolving  powers  are  mainly  due  to  its 
capacity  for  taking  up  and  absorbing  certain  active  agents, 
viz.,  carbonic  acid  (CO,),  the  humus  acids,  and  oxygen. 
Carbonic  acid  gas  exists  everywhere  in  the  atmosphere 
surrounding  the  earth,  though  the  quantity  contained  in 
the  air  at  different  places  varies  considerably.  All  animals 
exhale  carbonic  acid  from  their  respiratory  organs,  and  all 
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living  plants  decompose  carbonic  acid,  absorbing  the  car- 
bon and  setting  free  the  oxygen.  Dead  vegetable  matter, 
bj  its  decomposition  and  oxidation,  gives  rise  to  a  set  of 
oi^anic  acids,  of  which  the  most  important  are  crenic, 
humic,  and  v^ic  acids,  often  called  collectivelj  the  "humus 
acids."  The  nature  and  action  of  these  acids  are  not  jet 
fully  understood,  but  they  are  known  to  have  a  remarkable 
power  of  dissolving  many  of  the  mineral  substances  which 
occur  in  rocks.  They  appear  to  combine  readily  with  cer- 
tain metals  (such  as  iron),  forming  soluble  compounds, 
which  are  carried  away  in  water  and  often  re-precipitated 
in  other  localities.  They  decompose  certain  silicates,  and 
will  even  dissolve  silica,  the  presence  of  minute  quantities 
of  silica  in  all  streams  being  probably  due  to  their  agency. 

All  these  acids,  as  well  as  carbonic  acid,  are  readily 
absorbed  or  dissolved  by  water ;  and,  as  a  matter  of  fact, 
all  water  on  the  earth's  surface  contains  a  greater  or  less 
amount  of  them.  Bain  takes  up  carbonic  acid  from  the 
air  through  which  it  falls,  and  obtains  still  more,  together 
with  humus  acids,  from  the  soil  through  which  it  per- 
colates. Water  thus  charged  with  acids  is  everywhere 
soaking  into  the  earth,  and  it  exercises  a  powerful  disin- 
tegrating action  on  the  rocks  through  which  it^  percolates. 
Some  of  their  constituents  are  chemically  attacked,  and 
carried  away  in  solution ;  other  particles  become  loosened 
in  the  process,  and  are  eventually  removed  by  the  me- 
chanical action  of  the  rain-streams. 

This  gradual  decay  and  disintegration  goes  on  wherever 
the  surface  of  a  rock  is  kept  continually  wet  with  rain  and 
moisture.  Plants  increase  the  chemical  action  by  enabling 
the  moisture  to  lodge  and  remain  for  a  longer  time  on  the 
spot,  but  they  retard  the  mechanical  action,  and  prevent 
the  loosened  particles  from  being  carried  away,  so  that 
these  accumulate  and  form  a  soil. 

The  substances  soluble  in  acidified  water  are : — 


More 
soluble. 


'Chlorides. 

Carbonates.  Less 

Sulphates.  soluble. 

Nitrates. 


'Most  Oxides. 

Silicates  of 
the  alka- 
lies.* 


^  The  commonest  alkalies  are  sodimn  and  potassium. 
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The  less  soluble  substances  are,  however,  more  soluble 
in  water  which  has  already  dissolved  alkaline  compounds ; 
thus,  if  rain-water  in  soaking  through  rocks  near  the 
surface  takes  up  much  carbonate  of  sodium  or  potassium, 
it  is  able  to  dissolve  more  of  any  alkaline  silicates  it  may 
meet  with  in  its  further  course  through  the  rocks  below. 
Moreover,  if  the  action  of  the  alkaline  solution  is  aided  by 
that  of  a  high  temperature,  as  is  often  the  case  in  volcanic 
districts,  large  quantities  of  silica  or  of  silicate  may  be  dis- 
solved in  the  warm  alkaline  water. 

But,  besides  these  acids,  all  natural  waters  contain 
another  active  agent  in  the  shape  of  oxygen  gas.  This 
readily  combines  with  metals,  and  with  all  oxides  which 
can  absorb  more  oxygen,  and  by  this  oxidation  different 
mineral  compounds  are  formed.  The  rusting  of  an  iron 
nail  is  a  familiar  example  of  this  action,  and,  similarly, 
any  protosalt  of  iron  which  may  occur  in  a  rock  will  be 
oxidized,  and  a  rusty  brown  colour  will  generally  be 
imparted  to  the  decomposed  and  disintegrated  mass. 

Action  of  Bain  on  Calcareous  Rocks. — Carbonate  of 
lime  enters  into  the  composition  of  many  rocks;  some, 
indeed,  such  as  chalk  and  other  limestones,  being  almost 
entirely  composed  of  it.  Since  the  material  of  such  rocks 
is  readily  soluble  in  carbonated  water,  it  is  evident  that 
they  will  show  signs  of  rapid  decay  and  disintegration. 
A  limestone  which  is  nearly  pure  carbonate  of  lime,  is  so 
completely  dissolved  that  little  remains  to  form  a  soil, 
and  that  little  is  quickly  swept  ofE  the  surface  by  rain, 
so  that  districts  composed  of  such  limestone  are  often 
bare  and  barren,  except  in  the  hollows  and  valleys  where 
soil  has  accumulated. 

Excellent  instances  of  the  chemical  solution  of  lime- 
stone surfaces  occur  in  certain  parts  of  North  Lanca- 
shire and  Westmoreland.  In  these  counties  limestone 
often  forms  flat-topped  hiUs  and  "fells,"  and  where  the 
rock  surface  is  bare  of  soil  it  becomes  worn  and  fretted 
out  into  a  network  of  open  clefts  and  fissures,  a  foot  or 
two  wide  at  the  top,  but  gradually  narrowing  downward 
to  a  mere  crack  or  rift  at  a  depth  of  four  or  five  feet. 
Protected  by  the  sides  of  the  fissures  from  the  winter 
winds,  and  finding  foothold  in  the  soil  which  fills  the 
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decaying  vegetable  fibres,  it  takes  up  the  acids  which 
these  evolve,  and  becomes  an  active  chemical  agent  for 
widening  and  deepening  each  crevice  and  cranny. 

In  some  places  it  is  even  possible  to  estimate  the  actual 
amount  of  rock  which  has  been  removed  in  solution  since 
the  rock  surface  has  been  exposed  to  the  present  atmo- 
spheric and  cHmatal  conditions.  Professor  Hughes  has  re- 
cently described  some  cases  of  "  pedestal  boulders/'  which 
are  boulders  of  some  rock  foreign  to  the  locality,  standing 
on  low  flat  pedestals  of  the  local  limestone ;  the  surface  of 
the  pedestals  or  tables  is  not  like  that  of  the  surrounding 
rock,  but  is  smooth  and  often  striated  by  the  passage  of 
ice  (a  process  which  will  be  explained  in  a  future  chapter) : 
we  are  only  now  concerned  with  the  fact  that  the  surface 
of  the  fell  was  a  smooth  one  at  the  time  when  the  boulder 
came  to  rest  there,  and  with  the  further  fact  that  the 
presence  of  the  boulder  has  protected  a  portion  of  this 
surface  from  the  wasting  action  of  the  rain,  while  the 
surrounding  parts,  to  a  depth  of  from  twelve  to  eighteen 
inches,  have  been  dissolved  and  carried  away.  Professor 
Hughes  comments  on  the  influence  exercised  by  vegetation 
on  the  mode  of  weathering,  and  says :  **  We  see  crevices 
where  there  can  never  be  any  mechanical  erosion  of  the 
rock  opened  out  into  great  chasms  as  lichen,  moss,  ferns, 
and  grass  successively  get  foothold  in  it ;  and  round  the 
margin  of  the  great  limestone  tables  on  which  the  boulders 
rest  we  see  the  manner  in  which  the  rock  is  eaten  back 
as  the  vegetation  encroaches  along  the  lines  of  weakness, 
furnishing  more  acid  and  holding  more  damp.''  ^ 

The  phenomena  of  the  open  clefts  and  chasms  are  pre- 
sented on  a  larger  scale  on  certain  limestone  plateaux  in 
the  Alps,  in  Bohemia,  and  in  Saxony,  which  are  known  as 
karren-felder.  The  whole  surface  of  these  plateaux  is 
worn  into  a  labyrinth  of  deep  and  narrow  gutters  (karren), 
which  have  been  formed  mainly  by  solution,  but  partly  by 
mechanical  erosion ;  these  are  often  6  or  8  feet  and  occa- 
sionally from  10  to  20  feet  deep. 

Limestones  which  contain  an  admixture  of  sand  or 
siliceous  matter  are  converted  into  the  substance  known 

*  "  Quart.  Joum.  Geol.  Soc."  voL  xlii  p.  533. 
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as  rottenstone ;  the  calcareous  portion  being  eaten  out  and 
carried  away  in  solution,  while  the  insoluble  particles  are 
left  to  form  k  rotten  and  friable  rock.  Impure  limestones 
containing  argillaceous  (or  clajej)  matter  are  similarlj 
disintegrated,  the  insoluble  residue  remaining,  and  crumb- 
ling down  to  form  a  soil.  Such  a  residual  soil,  therefore, 
gives  us  a  rough  measure  of  the  amount  of  rock  removed 
by  solution. 

By  the  double  process  of  dissolution  and  oxidation, 
calcareous  sandstones  are  often  reduced  to  the  condition 
of  a  loose  brown  sand,  or  friable  sandstone.  Sands  that 
were  originally  full  of  calcareous  shells  are  frequently  con- 
yerted  into  a  ferruginous  sand,  entirely  devoid  of  organic 
remains.  Thus,  in  the  east  of  England  there  are  certain 
shelly  sands,  called  crag,  the  surface  beds  of  which  have 
been  so  altered  by  this  process  that  they  were  long  be- 
lieved to  be  a  distinct  formation.  The  line  of  separation 
between  the  altered  and  imaltered  portions  is  always 
clearly  defined,  but  very  irregular,  because  the  depth  of 
the  former  varies  much  according  to  local  conditions.  ^ 

The  same  phenomena  have  been  observed  in  Belgium, 
where  calcareous  sands  have  been  decalcified  and  oxidized 
to  a  large  extent,  and  their  true  relations  to  the  under- 
lying beds  were  quite  misunderstood  until  this  fact  was 
recognized  by  M.  Yanden  Broeck.' 

The  decalcifying  action  of  surface  waters  is  excellently 
shown  in  the  case  of  certain  sands  and  gravels  which  occur 
in  the  eastern  counties  of  England,  and  consist  partly  of 
flint  sand  and  partly  of  small  chalk  pebbles,  and  what  may 
be  called  *'  chalk  sand."  Pits  dug  in  these  deposits  show 
a  sharp  contrast  of  colours  and  materials ;  the  upper  part, 
beneath  the  surface  soil,  to  a  variable  depth,  is  a  brown 
sandy  gravel,  from  which  all  the  chalk  has  been  dissolved, 
while  Qie  material  below  is  pale  yellow,  or  nearl/  white, 
from  the  quantity  of  chalk  it  contains  (see  fig.  23). 

2.  Action  an  Ferruginous  Bocks. — The  humus  acids 
formed  by  the  decay  of  vegetation,  and  dissolved  in  rain- 
water, play   an   important  part    in    the   dissolution   of 

*  See  Whitaker,  "  Quart.  Joum.  Geol.  Soc."  vol.  xxxiii.  p.  122. 

*  See  "  Geol.  Mag."  ser.  2,  vol.  viii.  p.  279. 
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ferruginous  minerals,  and  in  the  solution,  transference, 
and  re-deposition  of  iron. 

Most  sands  and  sandstones  are  more  or  less  coloured  by- 
iron,  either  in  the  form  of  the  red  ferric  oxide,  or  of  the 
compound  green  silicate  known  as  glauconite,  and  where 
such  sands  form  a  tract— heath,  moor,  or  high  forest-covered 
ground — through  which  surface  waters  can  freely  percolate, 
many  interesting  chemical  processes  are  in  action. 

In  the  case  of  ordinary  yellow-tinted  sands  the  crenic 
acid  formed  in  the  surface  soil  takes  up  the  iron  into 
solution  as  a  ferrous  salt,  after  reducing  the  peroxide  to 
the  protoxide,  which  forms  the  base  of  a  crenic  salt.  Such 
salts  are  carried  down  in  solution,  and  in  this  way  the 
upper  part  of  the  sands  is  sometimes  decolorized,  leaving 
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Fig.  23.    Decalcification  of  Sand  and  Gravel 
a,  Unaltered  chalky  gravel.  b.  Brown  sandy  gravel. 

a  white  sand,  which  is  prized  for  glass-making  and  other 
purposes.  If  the  percolating  water  is  thrown  out  as  springs, 
the  iron  is  precipitated  by  similar  chemical  action,  as  &e 
water  is  oxygenated,  in  the  form  of  hydrous  ferric  oxide  or 
limonite,  and  appears  as  a  scum  or  soft  flocculent  deposit 
on  the  banks  of  the  issuing  stream.  In  dry  seasons,  when 
the  water-level  is  lowered,  and  the  sands  are  in  places  com- 
pletely-dried up,  air  makes  its  way  down  at  ordinary 
atmospheric  pressure,  and  the  oxygen  acts  on  the  ferrous 
compounds,  causing  their  precipitation,  partly  as  limonite, 
and  partly  as  basic  crenate  of  iron.^ 

Ghlauconitic  sands  are  extensively  affected  by  humus 
acids,  the  glauconite  being  decomposed,  and  converted  into 
limonite,  while  silica  is  set  free ;  so  that  sometimes  a  great 

^  I  am  indebted  to  Dr.  A.  Irving  for  the  above  information. 


CHAP.  VI.]  TERRESTRIAL  AGENCIES.  91 

depth  of  the  sand  is  changed  from  a  green  sand  into  a 
yellowish  or  rusty-brown  sand.  This  result  is  particularly 
conspicuous  where  the  country  is  or  has  been  wooded,  as  in 
the  case  of  the  large  tracts  of  greensand  on  the  borders  of 
Wilts  and  Somerset,  which  was  formerly  part  of  Selwood 
Forest,  the  decay  of  the  forest  litter  furnishing  the  adds. 
These  sands  also  contain,  in  some  places,  lumps  of  sand 
cemented  by  crystalline  silica,  which  may,  perhaps,  have 
been  formed  by  re-deposition  of  the  silica  set  free  in  the 
decomposition  of  the  glauconite. 

Lastly,  volcanic  roqks,  as  basalt,  often  yield  a  deep  rusty 
brown  soil,  the  formation  of  which  is  doubtless  largely  due 
to  the  action  of  humus  acids  on  the  augite  and  hornblende 
they  contain,  breaking  up  these  silicates,  and  reducing  the 
iron  to  limonite.  This  is  especially  noticeable  in  tropical 
countries,  where  the  gprowth  and  decay  of  vegetation  is 
more  rapid,  and  is  probably  the  chief  agency  concerned  in 
the  production  of  laterite,  which  will  be  noticed  in  another 
chapter. 

8.  Action  of  Rain  on  Felspathic  Rocks. — It  has  been 
already  stated  that  it  is  not  only  the  rocks  containing  car- 
honate  of  lime  which  are  weathered  and  worn  away  by  the 
action  of  acidified  water.  Those  containing  minerals  com- 
posed of  the  silicates  of  lime,  soda,  or  potash,  yield  almost 
as  readily.  Granite  affords  an  instance  of  this,  for  the 
felspar  which  it  contains  consists  of  the  combined  silicates 
of  alumina,  potash,  and  soda.  Eain-water  falling  upon 
granite  decomposes  the  felspar,  removing  the  silicates  of 
potash  and  soda,  either  in  the  form  of  a  soluble  silicate,  or 
by  converting  them  into  carbonates,  but  leaving  the  silicate 
of  alumina  and  the  other  constituents  (quartz  and  mica), 
which  are  very  insoluble. 

By  this  process  the  substance  of  the  rock  is  sometimes 
so  loosened  and  disintegrated  that  it  can  be  dug  out  with 
a  spade.  On  slopes  where  the  rain-water  acts  mechani- 
cally as  well  as  chemically,  the  materials  of  the  rock  are  of 
course  removed  as  fast  as  they  are  loosened,  being  carried 
away  and  deposited  elsewhere,  partly  as  clay  or  kaolin 
(silicate  of  alumina)  and  partly  as  sand  (particles  of 
quartz).  The  large  deposits  of  kaolin  (or  china  clay)  in 
Cornwall  illustrate  the  enormous  destruction  of  granite 
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which  has  there  taken  place.  Orthoclase  felspar,  which  is 
the  yarietj  usuallj  present  in  granite,  is  a  trisilicate  of 
alumina  and  potash,  with  the  following  normal  com- 
position : — 

SiHca 64-6 

Alumina 18*5 

Potash 16-9 

Kaolin,  when  quite  pure,  is  regarded  as  a  hjdrated  bi- 
silicate  of  alumina,  with  the  theoretical  composition  of — 

SiHca 46-6 

Alumina        .   - 39*5 

Water 18-9 

Hence  we  may  infer  that  the  compound  trisilicate  is  de- 
composed by  the  action  of  rain-water ;  that  all  the  potash, 
and  part  of  the  silica  is  removed  in  solution ;  while  the 
alumina  and  remaining  silica  have  re-united,  and  taken  up 
water  to  form  a  fresh  mineral  substance.  The  change  may 
be  chemically  expressed  as  follows : — 

Al,03(SiOj3i      2H  O  -/^l»03(SiOJ^     ^  0  +  4SiO 
Orthoclase  and  water  =  kaolin,  potash,  and  silica. 

The  extent  of  the  chemical  action  is,  however,  better  de- 
monstrated in  districts  where  the  decomposed  granite  is 
not  carried  away  so  rapidly,  but  is  left  as  a  loose  crumbling 
mass.  A  good  instance  of  this  is  given  by  Mr.  W.  Kings- 
mill  in  describing  the  granite  of  the  mountains  near  Canton 
in  China.  He  says : — "  This  granite,  wherever  it  occurs, 
has  been  deeply  disintegrated,  sometimes  to  a  depth  of  100 
or  200  feet,  whilst  everywhere,  imbedded  in  the  soft, 
yielding  matrix,  there  occur  nodules,  of  more  quartzose 
character,  which  have  resisted  the  effects  of  time  and 
chemical  change.  The  original  quartz  veins  of  the  granite, 
broken  into  small  fragments,  still  traverse  the  disintegrated 
mass  in  all  directions."  ^ 

1  « Joomal  of  the  Geol.  Soo.  of  Dablin,*'  vol.  x.  p.  2. 
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it  can  be  traced,  and  in  which  the  same  fossil  shells  are 
found/ 

Mr.  Hudleston  did  not  see  his  waj  to  accounting  for  the 
iron ;  but  Dr.  A.  Irving  believes  it  to  have  come  in  the 
state  of  a  crenic  or  humic  salt  of  iron,  formed  in  the  over- 
lying soil,  and  carried  down  by  water  percolating  through 
the  rock  when  it  was  a  limestone.  A  complete  reaction 
then  took  place :  the  calcium  (as  the  stronger  base)  took 
up  the  strong  acid  of  the  iron-salt,  leaving  carbonic  acid 
available  for  union  with  the  iron  as  feiTous  carbonate 
(FeCO  3 ) .  But  under  such  conditions  this  carbonate  would 
not  remain ;  by  the  alternate  access  of  oxygenated  rain- 
water, and  of  atmospheric  oxygen  in  dry  seasons,  it  would 
be  slowly  broken  up,  the  ferrous  oxide  being  converted 
into  ferric  oxide,  and  the  carbonic  acid  going  away  in 
solution.  The  process  is  illustrated  by  the  condition  of 
the  fossils ;  shells  originally  made  of  carbonate  of  lime  are 
now  converted  into  limonite. 

In  a  similar  manner  portions  of  other  limestones  have 
been  converted  into  red  hsBmatite,  or  pure  anhydrous  per- 
oxide of  iron,  the  iron  having  been  derived  from  the  soils 
left  by  the  red  sandstones  which  once  covered  them. 

Mechanical  Effects  of  Rain. — ^Everyone  is  aware  that 
rain  exercises  a  mechanical  action  in  washing  off  the  finer 
particles  of  soil,  or  of  chemically  disintegrated  rock :  that 
all  rain  falling  upon  the  land  and  running  over  its  surface 
carries  away  a  great  quantity  of  such  fine  material,  and 
that  the  muddiness  of  all  rills  and  streams  after  continuous 
rain  is  a  dear  attestation  of  this  fact.  But  most  people 
are  not  fully  aware  how  greatly  this  action  is  intensified 
when  the  rainf aU  is  very  heavy,  and  when  it  runs  down 
steep  slopes ;  the  effects  of  a  heavy  rain-storm  in  a  moun- 
tainous district  should  be  witnessed  before  they  can  be 
adequately  realized,  but  it  is  no  exaggeration  to  say  that 
the  rills  of  rain  are  capable  of  moving  debris  of  a  size 
which  would  constitute  gravel.  In  tropical  countries  the 
wearing,  excavating,  and  carrying  powers  of  rain  are  still 
greater,  in  proportion  to  the  much  greater  volume  of  water 
which  descends  in  a  given  time. 

*  "  Proc.  Geol.  Aasoc."  vol.  xi.  p.  122. 
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detrition  ^hich  has  taken  place  can  be  actually  measured. 
An  excellent  illustration  of  the  mechanical  effects  of  rain  is 
furnished  by  the  earth-pillars  found  in  some  of  the  valleys 
of  the  Tyrol,  and  described  by  Sir  Charles  Lyell  (see  fig. 
25).  These  are  columns  of  indurated  mud  or  clay,  vary- 
ing in  height  from  20  to  100  feet,  and  usually  capped  by  a 
single  stone  or  boulder.  The  history  of  their  formation  is 
as  follows.  The  whole  valley  was  once  filled  with  the  hard 
mud  or  boulder  clay,  which  is  si^ficiently  solid  to  stand 
with  a  vertical  face  like  a  hard  rock,  and  contains  nume- 
rous and  often  very  large  stones  or  boulders.  Through 
this  material  a  mountain  torrent  has  excavated  a  deep 
channel,  leaving  two  platforms,  one  on  each  side  of  its 
course  (p  p,  in  fig.  26).    The  heat  of  the  sun  causes  the 


Fig.  26.    Section  across  the  Valley  of  the  Finsterbach,  to  show 

how  the  PUlars  are  formed. 

clay  to  crack  in  all  directions,  and  these  vertical  cracks  are 
gradually  vndened  and  deepened  by  the  frequent  rains 
which  fall  in  the  valley.  The  rain-drops  gather  into  rills 
which  course  down  the  steep  sides  of  the  ravine,  and  its 
banks  would  moulder  away  like  those  of  other  valleys^ 
were  it  not  for  the  large  stones  which  occur  in  the  clay ; 
these  throw  off  the  rain  and  protect  the  clay  below  from 
its  fretting  action,  while  that  around  is  washed  away,  so 
that  in  time  detached  columns,  or  pyramidal  pillars  are 
left,  each  capped  by  the  protecting  block  which  was  the 
initial  cause  of  its  development.  Sometimes  the  capping- 
stone  falls  off,  and  the  column  then  terminates  upwaijrd  in 
a  point,  or  becomes  separated  into  several  smaller  pillars 
by  the  weathering  out  of  other  blocks  within  its  mass, 
which  in  their  turn  serve  as  new  capping-stones. 
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The  desert  country,  called  "the  Bad  Lands,"  in  the 
Washakie  Basin,  between  Utah  and  Wyoming,  TJ.S.,  affords 
another  good  instance  of  rapid  and  extensive  erosion  by 
rain.  This  district  is  a  bare  and  barren  plateau,  consisting 
of  soft  marls  and  sands  lying  in  level  layers,  and  termi- 
nating towards  the  south-east  in  a  bold  escarpment,  which 
is  carved  out  into  numerous  blocks,  turrets,  columns,  and 
citadel-like  masses  of  most  peculiar  and  fantastic  forms. 
The  effect  is  so  architectural  that  from  a  little  distance  the 
scarp-face  presents  the  appearance  of  a  great  walled  city, 
with  outlying  bastions  and  buttresses.  One  of  the  most 
remarkable  of  the  detached  masses  is  figured  in  the  frontis- 
piece of  the  first  volume  of  the  *' United  States  Exploration 
of  the  Fortieth  Parallel."  This  is  an  isolated  column 
springing  from  a  level  desert  plain  to  a  height  of  fully  60 
feet ;  its  lower  portion  forms  a  kind  of  base  or  pedestal 
9  or  10  feet  high,  above  which  the  pillar  narrows  slightly, 
and  then  rises  vertically,  till  it  terminates  in  a  roughly- 
truncated  summit.  This  massive  column  looks  like  a 
monument  erected  by  the  hand  of  man,  and  its  general 
shape  bears  no  little  resemblance' to  a  lighthouse. 

In  describing  these  peculiar  forms  of  erosion,  Mr. 
Clarence  King,  of  the  U.S.  Survey,  gives  the  following 
explanation  of  the  way  in  which  they  have  been  produced:^ 
**  The  small  streams  which  cut  down  across  the  escarpment 
from  the  interior  of  the  plateau  do  the  work  of  cutting  the 
front  into  detached  blocks ;  but  the  final  forms  of  these 
blocks  are  probably  the  effect  of  rain  and  wind-storms. 
The  material  is  so  excessively  fine  that,  under  the  influence 
of  trickling  water,  it  cuts  down  most  easily  in  vertical  lines. 
A  semi-detached  block  becomes  quickly  carved  into  spires 
and  domes,  which  soon  crumble  down  to  the  level  of  the 
plain.  Outlying  hills  or  bwttes  are  carved  away,  leaving 
narrow  isolated  spires,  which  finally  disappear  by  the  same 
process  of  erosion.  It  seems  probable  that  some  of  the 
most  interesting  forms  (like  the  column  above  described) 
are  brought  out  by  a  slightly  harder  stratum  near  the  top 
of  the  cliffs,  which  acts  in  a  measure  as  a  protector  of 
the  softer  materials,  and  prevents  them  from  taking  the 

'  "Exploration  of  the  40th  Parallel,"  vol.  1.  p.  399. 
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mound-forms  that  occur  when  the  beds  are  of  equal 
hardness." 

Gk>od  instances  of  the  manner  in  which  some  rocks  are 
wasted  away  by  the  action  of  rain  have  come  under  the 
notice  of  the  writer  while  surveying  a  part  of  Lincobishire, 
where  the  ground  consists  of  a  soft,  loose  sandstone,  rest- 
ing on  a  bed  of  stiff  clay.  The  sandstone  is  easily  dis- 
integrated by  the  action  of  rain  and  frost,  and  its  surface 
weathers  into  a  loose  sandy  soil,  the  particles  of  which  are 
readily  carried  away  by  the  mechanical  action  of  the  rain. 
The  borders  of  this  district  form  sloping  grotmd,  trenched 
by  numerous  gullies  and  valleys,  worn  by  the  rills  into 
which  the  rain  collects,  and  cut  down  near  their  termina- 
tions to  the  level  of  the  underlying  clay.  Some  tracts  are 
found  where  the  once  continuous  sheet  of  the  sandstone 
has  been  reduced  to  the  condition  of  low  mounds  or  hills, 
separated  by  wide  interspaces,  over  which  nothing  but  a 
sandy  soil  remains  to  cover  the  surface  of  the  clay.  These 
interspaces  are  the  sites  of  the  hollows  or  gullies  which 
were  worn  in  the  sandstone,  and  were  gradually  deepened 
and  widened  by  the  washing  away  of  the  sand,  until  the 
surface  of  the  underlying  clay  was  bared.  The  remnants 
of  the  sandstone  are  thus  left  as  disconnected  patches ;  and 
these  remnants  are  still  being  reduced  by  the  wasting 
action  of  the  rain,  and  are,  as  it  were,  gradually  melting 
away  under  its  influence. 

Sometimes  a  sandstone  contains  blocks  or  portions  which 
have  been  cemented  into  a  hard  stone  by  re-deposited  silica ; 
in  such  cases  the  blocks  are  left  on  the  surface  of  the  ground 
after  the  removal  of  the  softer  portions.  Such  is  the  origin 
of  the  large  siliceous  stones  known  as  "  Sarsen  stones,"  or 
grey  wethers  in  Berkshire  and  Wiltshine ;  these  have  been 
derived  from  certain  sands  which  once  covered  the  chalk  in 
these  and  other  counties,  and  they  now  lie  scattered  on  the 
chalk  downs  and  in  the  valleys  which  lie  between  the  hills. 
In  some  places  they  are  so  numerous  as  to  appear  in  the 
distance  like  a  flock  of  sheep,  whence  the  name  of  grey 
wethers. 

Action  of  Wind. — Where  the  soil  is  dry,  and  loose 
enough  to  be  moved  by  the  wind,  such  particles  often 
operate  as  powerful  agents  of  detrition.   Everyone  is  fami- 
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liar  with  the  capcicity  of  wind  to  blow  away  particles  of  dust 
and  sand  from  the  surface  of  our  streets ;  and  the  erosive 
power  of  a  strong  blast,  charged  with  particles  of  sand,  is 
illustrated  in  the  effects  of  the  artificial  sand-blast,  by  means 
of  which  patterns  are  engraved  upon  glass.  Natural  sand- 
blasts produce  similar  effects  upon  the  rocks  with  which 
they  come  in  contact ;  but  the  results  differ  considerably, 
according  as  the  rocks  are  of  a  nature  to  resist  or  to  yield 
to  such  mechanical  action. 

Yery  hard  rocks,  like  basalt  or  compact  limestone,  when 
exposed  to  the  continual  friction  of  blowing  sand,  are  pitted 
and  polished  in  a  peculiar  manner.  On  the  Fifeshire  coast, 
near  Burntisland,  for  example,  blocks  of  basalt  can  be  seen 
which  have  been  polished  in  this  manner  by  the  sands  of 
the  seashore.  The  author  has  also  observed  polished  sur- 
faces on  the  sides  and  angles  of  the  limestone  rocks,  near 
the  great  pyramid  in  Egypt ;  and  the  same  effect  has  been 
produced  by  wind-blown  sand  on  the  surface  of  many 
Egyptian  monuments. 

Where,  however,  the  rocks  are  soft,  or  their  surface  has 
been  disintegrated  by  the  rotting  action  of  rain-water,  the 
results  are  very  different.  Such  rocks  are  not  polished,,  but 
are  gradually  abraded,  and  worn  away  by  the  friction  of 
the  particles  driven  by  the  wind.  The  rapidity  of  this 
action  depends  greatly  on  the  power  of  the  wind,  and  the 
size  of  the  particles  which  it  carries  ;  but  since  the  wind 
cannot  raise  the  larger  particles  of  sand  very  high  above 
the  surface  of  the  ground,  it  follows  that  the  greatest 
amount  of  erosion  will  take  place  at,  or  slightly  above,  that 
surface.  An  isolated  block  of  such  a  rock  as  sandstone,  if 
long  exposed  to  sand-drift,  will  be  worn  away  at  the  base 
or  undercut,  until  it  presents  the  appearance  of  a  gigantic 
mushroom.  Some  of  the  celebrated  "  Brimham  rocks,"  in 
Yorkshire,  exhibit  this  form  very  strikingly. 

The  "  tors  "  and  "  logging  stones,"  so  frequent  in  granitic 
districts,  probably  owe  their  peculiar  form  to  the  combined 
action  of  wind  and  rain.  Both  granite  and  sandstone  some- 
times form  piles  of  rounded  or  sub-angular  blocks,  perched 
one  on  the  other,  as  if  by  artificial  means  ;  and  hence  they 
have  sometimes  been  mistaken  for  Druidical  remains. 
When  examined,  however,  by  the  light  of  geological  know- 
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le<^e,  it  becomes  clear  that  the  apparent  ruins  are  the 
work  of  Nature's  carving  tools^—wind,  rain,  and  frost. 
Fig.  27  represents  such  a  pile  weathered  out  of  hard  sand- 
stone near  Lynton  in  Devonshire. 

In  arid  climates,  the  agencj  of  sand  and  dust-storms  is 
greatly  intensified ;  and  Sir  A.  Geikie  believes  that  some  of 
the  peculiar  features  of  the  sandj  plateaus  of  Wyoming 
and  Utah,  previously  described,  are  largely  due  to  the 
action  of  wind-driven  sand.  **  Blocks  of  sandstone  or 
limestone  which  have  fallen  from  an  adjacent  cliff  are 
attacked,  chiefly  at  their  base,  by  the  stratum  of  drifting 
sand,  until  by  degrees  they  seem  to  stand  on  narrow  pedes- 
tals. As  these  supports  are  reduced  in  diameter,  the  blocks 
eventually  tumble  over,  and  a  new  basal  erosion  leads  to  a 
renewal  of  the  same  stages  of  waste."  ^ 

Action  of  Heat  and  Cold. — ^The  mere  vicissitudes  of 
heat  and  cold,  without  any  assistance  from  freezing  water, 
sometimes  exercise  important  effects,  by  means  of  the 
alternate  expansion  and  contraction  which  they  cause. 
This  is  especially  noticeable  in  coimtries  where  the  daily 
range  of  temperature  is  very  great,  and  is  sometimes  suffi- 
cient to  crack  and  split  o£E  pieces  of  rock.  Dr.  Livingstone 
mentions  that,  in  the  interior  of  Africa,  he  found  rocks 
which  had  their  surfaces  so  rapidly  cooled  by  radiation  at 
night  that  the  contraction  was  sufficient  to  split  the  stone, 
and  to  throw  off  sharp  angular  fragments,  from  a  few 
ounces  to  one  or  two  hundred  pounds  in  weight.  The 
following  are  his  own  words* : — 

'*  Several  of  the  mountain  sides  in  this  country  (Gova) 
are  remarkably  steep,  and  the  loose  blocks  on  them  sharp 
and  angular,  without  a  trace  of  weathering.  For  a  time, 
we  considered  the  angularity  of  the  loose  fragments  as 
evidence  that  the  continent  was  of  comparatively  recent 
formation ;  but  we  afterwards  saw  the  operation  actually 
going  on,  by  which  the  boulders  are  split  into  these  sharp 
fragments.  The  rocks  are  heated  by  the  torrid  sun  during 
the  day  to  such  an  extent  that  the  thermometer  placed  on 
them  rises  to  13  7"*  in  the  sun.    These  heated  surfaces, 

>  Geikie,  "  Textbook  of  Geology,"  p.  320,  and  Gilbert  in  Wheeler^s 
"  Repjort  of  the  U.  S.  G.  Surv.  W.  of  100th  Meridian,"  ui.  p  82. 
*  Livingstone's  -*'  Zambesi,"  p.  492, 
•    ♦ 
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cooling  from  without  in  the  evening  air,  contract  more  ex- 
ternally than  within,  and  the  unyielding  interior  forces  off 
the  outer  parts  to  a  distance  of  1  or  2  feet.  Let  anyone  in 
a  rocky  place  observe  the  fragments  that  have  thus  been 
shot  off,  and  he  will  find  in  the  vicinity  pieces  from  a  few 
ounces  to  100  or  200  lbs.  weight,  which  exactly  fit  the  new 
surface  of  the  original  block ;  and  he  may  hear  in  the 
evenings  among  the  hills,  where  sound  travels  readily,  the 
ringing  echo  of  the  report,  which  the  natives  ascribe  to  the 
Mebesi,  or  evil  spirits,  and  the  more  enlightened  to  these 
natural  causes." 

In  warm  climates,  the  continued  heat  of  the  summer 
sun  sometimes  produces  enormous  cracks  in  the  earth.  In 
the  Sierra  Nevada  of  Southern  Spain,  where  there  are  dis- 
tricts composed  of  loose  tertiary  marls,  great  fissures  have 
been  formed  several  miles  in  length,  two  or  three  hundred 
feet  deep,  and  several  hundred  yards  in  width.  These 
ravines  Professor  Ansted  describes  as  having  originated  in 
sun-cracks,  though  they  may  possibly  have  been  deepened 
by  the  winter  rains  subsequently  directed  into  them. 

Qreat  and  rapid  vicissitudes  of  temperature,  by  loosen- 
ing the  component  particles  of  rocks,  and  causing  the  for- 
mation of  cracks,  thus  facilitate  the  action  of  the  more 
powerful  agencies  of  ram  and  wind. 

Action  of  Frost. — The  destructive  action  exerted  by 
freezing  water  is  due  to  a  peculiar  property  which  it  pos- 
sesses, wherein  it  differs  from  most  other  fluids.  Most 
other  bodies  contract  in  bulk  as  they  cool  down  from  a 
fluid  state  to  the  point  of  solidification ;  water  follows  this 
law  of  contraction  till  it  reaches  the  temperature  of  89^° 
Fahrenheit  (4''  Cent.)  in  the  downward  scale,  it  then  begins 
to  expand,  and  continues  to  do  so  until  it  becomes  solid  at 
the  temperature  of  32"  Fahr.  or  0°  Cent 

If,  therefore,  rain  or  other  water  soaks  into  the  substance 
of  rocks  and  fills  up  the  interstices,  cracks,  and  crevices 
which  they  contain,  and  this  water  then  freezes,  its  conver- 
sion into  ice  is  accompanied  by  an  expansion  which  exer- 
cises an  irresistible  mechanical  force  and  produces  impor- 
tant geological  results.  Not  only  are  the  particles  of  the 
rock  loosened  and  disintegrated,  but  the  expansion  of  the 
freezing  water  in  the  larger  cracks  and  fissures,  by  which 
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all  rocks  are  trayersed,  causes  the  fracture  and  displace- 
xnent  of  large  blocks,  which  are  ultimately  rent  asunder 
and  broken  up  into  smaller  pieces. 

It  is  on  the  sides  and  summits  of  mountains,  which  are 
subject  to  great  vicissitudes  of  temperature,  that  this 
agency  acts  with  the  greatest  power  and  effect.  The  hardest 
rocks  are  broken  up  bj  it,  and  enormous  masses  are  dis- 
placed and  toppled  down  precipices,  or  are  set  rolling  down 
slopes  to  suffer  still  further  fracture,  and  produce  still 
greater  ruin  in  their  fall.  Its  effects  may  be  seen  and  its 
amount  measured  by  the  piles  of  angular  fragments  of  all 
sizes,  which  are  found  at  the  foot  of  the  crags  and  precipices, 
and  which  sometimes  form  talus-  and  d^bris-slopes  manj 
hundred  feet  in  height. 

Mr.  J.  F.  OampbeU  thus  describes  the  action  of  frost  in 
Scotland : — *'  The  silence  of  the  still  frosty  night  is  some- 
times broken  by  loud  sharp  reports  followed  by  the  hoarse 
rumble  of  stones  falling  from  the  mountain  peaks.  Eain- 
Tmter  sinks  into  every  open  chink,  and  when  it  freezes  the 
crystal  wedge  shoves  great  rocks  from  their  base.  The 
tool-mark  is  an  angular  fracture  whose  shape  depends  on 
the  nature  of  the  rock  which  is  broken.  The  finished  work 
is  to  be  seen  in  high  mountains,  whose  tops  are  riven  peaks, 
and  whose  sides  lie  shivered  where  they  feU."  ^ 

Captain  Beechey  in  his  "  Voyage  towards  the  North  Pole  " 
describes  the  amount  of  this  action  as  very  great  in  Spitz- 
bergen.  He  found  that  the  motintain  sides  were  under- 
going rapid  disintegration  from  the  absorption  of  wet 
during  summer  and  its  expansion  by  frost  in  winter. 
**  Masses  of  rock  were  in  consequence  repeatedly  detached 
from  the  hiUs,  accompanied  bj  a  loud  report,  ^d  falUng 
from  a  great  height  were  shattered  to  fragments  at  the 
base  of  the  mountain,  there  to  undergo  a  more  active 
disintegration." 

In  describing  the  various  erosive  agencies  now  acting 
upon  the  slopes  and  summits  of  the  Eocky  Mountains,  Mr. 
Clarence  King  thus  describes  the  work  done  by  frost 
and  changes  of  temperature  on  the  summit  peaks :' — "  The 
whole  peak  region  is  seen  to  be  riven  with  innumerable 

»  **  Frost  and  Fire,"  vol.  it.  p.  181. 

»  «*  Exploration  of  the  40th  Parallel,"  vol.  i.  p.  471. 
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cracks,  which  are  due  to  unequal  expansion  and  contrac- 
tion in  a  region  alternately  chilled  by  radiation  and  warmed 
bj  the  sun.  Upon  the  steep  slopes  and  sharp  blade-like 
ridges,  the  results  of  such  Assuring,  together  with  the 
leverage  of  expanding  ice,  have  the  effect  to  dislodge  large 
fragments  of  rock,  and  produce  immense  slopes  of  debris.'* 
He  observes  that  this  action  takes  place  at  all  hours  of  the 
day,  **  but  especially  when  a  sudden  chill  (as  during  the 
hour  after  sunset)  has  the  effect  of  congealing  the  perco- 
lating waters ; "  and  he  adds — "  Upon  the  summits  of  the 
Boclnr  Mountains,  the  Uinta,  and  Wahsatch,  and  at  very 
many  points  of  the  ranges  near  the  Pacific  coast,  I  have 
heaid  during  the  day  thousands  of  blocks  dislodge  them- 
selves and  bound  down  the  slopes.  The  resulting  accumu- 
lations of  d^ris  form  a  very  conspicuous  feature  through- 
out the  Cordilleras.  In  many  instances  they  must  amount 
to  fully  1,000  feet  in  thickness.  In  the  Sierra  Nevada, 
where  all  these  phenomena  are  on  a  grander  scale,  I 
have  seen  dfljris-slopes  measuring  4,000  feet  from  top  te 
bottom." 

The  summits  of  the  Alps  present  similar  appearances, 
those  which  are  not  covered  with  perpetual  snow  termi- 
nating  in  jagged  peaks  and  narrow  points  which  are  some- 
times called  aiguiUes  or  needles.  On  these  exposed  peaks 
disintegration  proceeds  at  a  rapid  rate,  and  showers  of 
stones  f aU  continually  night  and  day,  but  especially  in  the 
afternoon  when  the  sun's  rays  are  hottest  and  the  expand- 
ing force  is  consequently  greatest. 

The  accompanying  sketch,  fig.  28,  representing  the  forms 
of  some  of  these  peaks,  with  piles  of  debris  at  their  bases,, 
is  taken,  by  permission,  from  Professor  Bonney's  "  Alpine 
Regions." 

General  Result  of  the  Destruction  of  Rocks. — Of 
all  the  disintegrating  agencies  above  mentioned,  rain  is  the 
most  important  and  universal ;  there  are  very  few  districts 
on  the  face  of  the  earth  which  are  absolutely  rainless,  and 
wherever  it  falls  it  operates  both  chemically  and  mechani- 
cally over  large  areas  at  once.  There  are,  therefore,  few 
rock-surfaces  in  the  world  which  are  not  affected  by  this 
agency,  assisted  in  most  cases  either  by  extreme  heat  or 
extreme  cold,  or  by  both  combined. 


106  DYNAMICAL  GEOLOGY.  [SBC.  II. 

means  uniform ;  it  is  most  rapid  in  countries  which  have  a 
large  rainfall,  and  least  appreciable  in  those  which  enjoy 
a  dry  and  equable  climate,  like  that  of  Egypt.  Moreover, 
it  is  always  greater  in  mountainous  regions  than  on  plains 
and  gentle  slopes.  Again,  as  we  have  seen,  some  rocks 
yield  much  more  rapidly  than  others,  and  this  difEerencein 
the  rate  of  waste  produces  inequalities  in  the  surface,  which 
are  especially  noticeable  where  two  rocks  of  very  different 
constitution  are  brought  into  conjunction  with  one  another 
at  the  surface ;  one  will  always  be  worn  down  to  a  lower 
level  than  the  other. 

It  should  also  be  remarked  that  the  rapidity  with  which 
different  rocks  yield  to  the  weathering  agencies  has  no 
relation  to  their  hardness.  Where  other  conditions  are 
equal,  soft  sandstone  resists  their  action  better  than  the 
hardest  limestone,  because  the  latter  yields  so  readily  to  the 
chemical  action  of  carbonated  waters,  which  have  no  effect 
upon  the  former.  We  have  seen,  too,  that  even  such  hard 
rocks  as  granite  and  gneiss  are  often  decomposed  and  dis- 
integrated in  situ  to  an  astonishing  depth. 

Definition  of  Terms. — It  has  been  found  convenient 
to  employ  a  general  term  to  express  the  result  accomplished 
by  the  combined  action  of  all  these  agencies,  and  in  most 
text-books  the  word  Denvdation  is  used  in  this  sense,  being 
used  to  signify  the  removal  of  material  from  the  surface  of 
the  land.  The  author  has  long  felt  dissatisfied  with  this 
use  of  the  term  denudation,  because  it  is  a  perversion  of  its 
proper  and  original  meaning.  To  denude  (Latin  denudare), 
is  to  uncover  or  lay  bare  a  surface,  and  though  such  de- 
nudation necessarily  involves  the  removal  of  matter,  it  is 
not  this  matter,  but  the  underlying  surface  which  is  de- 
nuded ;  consequently  it  is  incorrect  to  speak  of  denudation 
in  the  sense  of  wearing  away  and  removing  material  with- 
out reference  to  the  uncovering  of  any  particular  stratum. 
Degradation  has  sometimes  been  used  in  this  general  sense, 
but  it  is  open  to  the  objection  that  it  has  already  acquired 
a  different  meaning  in  the  English  language.  Detrition 
(from  detero,  to  wear  down),  has  not  hitherto  been  used  as 
a  technical  term  in  geology,  though  the  words  detritus  and 
detriial  are  frequently  employed,  and  aMrition  is  a  common 
English  word.   The  word  detrition^  therefore,  is  not  a  great 
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innoYation,  and  in  proposing  it  as  a  general  term  to  express 
the  result  of  the  processes  conoemed  in  producing  detritus, 
and  in  remoying  material  from  the  surface  of  a  country,  I 
hope  for  the  support  of  all  geologists  who  appreciate  the 
yalue  of  precise  language. 
We  may  then  frame  the  following  definitions : — 

1.  Detrition  is  the  removal  of  rock-material  from  the 
land. 

2.  Benttdation  is  the  laying  bare  of  rock-surfaces  by  the 
detrition  of  the  overlying  beds. 

3.  Erosion  is  the  localized  action  of  any  detritive  agent. 

4.  Deposition  is  the  disposal  of  the  detritus  removed  from 
denuded  surfaces. 

Consequently  we  shall  be  correct  in  speaking  of 
The  detrition  of  a  district. 
The  erosion  of  valleys.* 
The  denudation  of  fresh  rock-surfaces. 
The  transportation  and  deposition  of  detritus. 

'  By  American  geologists  the  tenn  corrasion  is  often  nsed  for  the 
erosive  action  of  a  runnmg  stream. 


CHAPTER  Vn. 

XJNDEBOBOXrND   CIBCTJLATION   OF  WATER. 

A  LARGE  proportion  of  the  rain-water  which  falls  upon 
the  earth  sinks  beneath  the  surface  of  the  soil,  and 
after  percolating  through  the  rocks  below  for  a  greater 
or  less  distance,  is  thrown  out  again  in  the  form  of  springs. 
The  depth  to  which  it  sinks  depends  on  the  nature  of  the 
rocks  which  it  encounters  in  its  downward  passage.  Some 
rocks  are  much  more  pervious  than  others ;  sand  and  sand- 
stone are  pervious  bj  reason  of  their  loose  and  porous 
nature ;  limestone  and  other  hard  rocks  by  reason  of  the 
numerous  cracks  and  joints  by  which  they  are  traversed ; 
while  all  kinds  of  clay  and  shale  are  comparatively  imper- 
vious to  water,  though  their  constant  wetness  shows  that 
they  are  not  absolutely  impermeable. 

Causes  of  Springs. — The  position  of  springs  is  there- 
fore always  determined  by  the  nature  and  relative  position 
of  the  rock-beds,  and  is  generally  due  to  one  of  the  fol- 
lowing causes.  The  xmderground  water  is  brought  again 
to  the  surface — 

1.  By  meeting  with  an  impervious  stratum. 

2.  By  meeting  with  a  fault  or  line  of  displacement. 

3.  By  meeting  with  some  open  crack  or  fissure. 

4.  By  the  simple  force  of  hydrostatic  pressure. 

5.  By  accumulation  in  absorbent  strata. 

1.  If  rain  falls  on  a  pervious  rock  it  descends  vertically, 
but  if  it  reaches  a  more  impervious  stratum  below,  it  flows 
laterally  along  the  top  of  this  bed  and  breaks  out  in  springs 
along  the  line  where  this  comes  to  the  surface  of  the 
ground.  The  strength  of  the  resulting  springs  will  depend 
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upon  the  relation  between  the  slope  of  the  ground  and  the 
slope  of  the  rock-beds  beneath. 

Fig.  29  is  an  imaginary  cut  or  section  through  a  tract  of 
country  composed  of  sand  or  soft  sandstone  (a,  a),  iinder- 
laidbj  a  stratum  of  clay  (c,  c),  the  surface  of  which  slopes 
(or  dips)  slightly  towards  the  east  It  is  clear  that  the 
rain  which  falls  on  the  western  hill  will  pass  down  through 
the  sand,  and  flowing  outwards  along  the  surface  of  the 
clay  will  issue  in  springs  along  a  line  on  the  eastern  side 
of  the  hill,  s\  being  a  point  on  this  line. 

That  there  should  also  be  a  spring  at  s^on  the  western  side 
is  not  at  first  sight  so  obvious,  since  the  fall  of  the  beds 
is  towards  s^  and  water  cannot  run  up  hill :  it  must  be  re- 
membered, however,  that  in  passing  downwards  and  out- 


West. 


Eaiit. 


Fig.  29.     Origin  of  Springs. 
Thft  line  of  saturation  is  indicated  by  the  dotted  line. 

wards  through  the  sandstone,  the  water  will  have  to  over- 
come a  considerable  amount  of  friction,  and  that  this  fric- 
tion will  tend  to  hold  the  water  up  under  the  hill.  If, 
therefore,  the  rainfall  be  tolerably  constant,  the  water  will 
be  accumulated  in  the  lower  portion  of  the  sandstone  more 
quickly  than  it  can  escape  by  the  springs,  and  consequently 
a  certain  thickness  of  the  rock  will  be  in  a  state  of  constant 
saturation.  The  thickness  of  the  saturated  portion  will 
decrease  towards  the  sides  where  the  water  finds  egress,  and 
its  upper  limit  will  form  a  curved  line ;  this  is  called  the 
line  of  acUuration,  and  when  this  line  rises  above  the  level  of 
the  point  s',  the  hydrostatic  pressure  will  force  the  water 
outwards,  and  cause  a  spring  at  that  point  as  well  as  at  8^ 
The  former,  however,  will  of  course  be  a  weaker  spring,  and 
wiU  be  the  first  to  fail  in  a  dry  season,  when  the  Ime  of 
saturation  under  the  hill  is  gradually  depressed. 
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2.  The  instance  above  given  is  a  very  simple  case,  though 
it  is  one  of  frequent  occurrence  in  nature.  In  other  cases, 
however,  strong  springs  do  not  occur  where  they  might  be 
expected  on  the  above  principle,  the  regularity  of  the  under- 
ground waterflow  being  interfered  with  by  the  existence  of 
open  cracks  and  fissures.  It  frequently  happens  that  the 
rocks  have  been  more  or  less  vertically  displaced  along  the 
plane  of  such  cracks,  so  that  the  continuity  of  the  several 
strata  is  interrupted.  In  fig.  29,  f  f  is  a  line  of  fault  or 
displacement,  on  the  eastern  side  of  which  the  rocks  are 
thrown  up  to  a  higher  level,  so  that  a  face  of  clay  is  brought 
against  the  lower  part  of  the  sandstone  on  the  western  side. 
In  this  case,  though  there  may  be  springs  at  the  point  s', 
yet  the  main  body  of  water  percolating  through  the  sand- 
stone will  pass  laterally  along  the  line  of  fracture,  and 
will  be  thrown  out  at  some  point,  s^,  along  its  course  where 


Fig.  90.    Diagram  to  iUiistrate  the  conditions  of  Artesian  Wells. 

the  surface  of  the  ground  descends  below  the  level  of  the 
saturation  line. 

8.  Artesian  wells  and  springs  are  due  to  the  confinement 
of  water  in  an  inclined  permeable  stratum  lying  between 
two  impermeable  strata,  the  water  being  prevented  from 
rising  to  the  normal  level  by  the  upper  impervious  stratum, 
until  the  pressure  forces  it  up  along  some  line  of  weakness, 
or  a  boring  is  made  down  to  the  water-bearing  stratum. 
Fig.  30  shows  the  conditions  that  are  necessary  for  the  rise 
of  water  in  artesian  wells ;  a  and  c  being  impervious  strata, 
and  h  a  pervious  rock  which  rises  into  higher  ground  than 
the  day  lands  on  each  side.  The  rain  falling  on  h  fills  the 
underground  extension  of  that  stratum  up  to  the  broken 
line  between  a  and  c.  If,  then,  c  is  pierced  by  a  boring  at 
io,  the  water  in  h  will  rise  to  the  height  of  the  water-line  in 
that  stratum. 

Natural  artesian  springs  may  be  formed  through  cracks 
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in  tbe  upper  stratum  when  the  pressure  is  great,  as  in  cases 
where  the  water-bearing  stratum  descends  below  the  level 
of  the  sea.  Such  springs  occur  in  the  north-east  of  Lin- 
colnshire, where  they  are  known  as  "  blow-weUs."  These 
conditions  are  shown  on  the  right  in  fig.  30,  where  I  is  the 
sea-level  and  8  represents  a  crack  or  fissure  through  which 
the  water  rises  to  the  surface. 

4.  Springs  sometimes  issue  from  hill-sides  without  any 
obvious  cause  for  the  expulsion  of  the  water.  If,  however, 
rain-water,  after  sinking  for  a  short  distance  into  the  hill, 
meets  with  some  horizontal  crack  or  plane  of  division,  it 
may  find  it  easier  to  pass  along  it  than  to  penetrate  further 
downwards.  The  hydrostatic  pressure  of  the  accumulating 
waters  above  and  behind  will  force  the  water  along  the 
crack,  even  if  it  should  slope  slightly  upwards  toward  the 
surface. 

5.  Springs  may  also  be  caused  by  simple  hydrostatic 
pressiure  overcoming  the  force  of  gravity  imder  the  follow- 
ing circumstances.  In  some  districts  the  rocks  are  of  such 
a  nature  that  water  may  slowly  descend  through  them  for 
several  thousand  feet  without  meeting  with  any  impervious 
stratum  or  great  line  of  fracture.  At  such  great  depths, 
however,  the  rocks  become  denser  and  the  cracks  and 
joints  much  narrower  and  fewer,  so  that  it  may  become 
very  difficult  for  the  water  to  work  its  way  further  down- 
wards ;  it  will  then  accumulate  drop  by  drop,  and  the  pres- 
sure of  the  descending  supply  will  become  very  great ;  the 
water  will  work  its  way  through  lateral  cracks  and  joints, 
and  if  it  meet  with  some  large  fissure  or  fault  opening  up- 
wards, it  may  be  easier  for  it  to  ascend  than  to  sink 
further ;  in  other  words,  the  hydrostatic  pressure  may  be 
sufficient  to  drive  it  up  to  the  surface  again,  where  it  would 
issue  in  powerful  and  perennial  springs.  Waters  which  rise 
from  great  depths  in  this  manner  generally  have  a  high 
temperature,  like  those  of  Bath,  and  are  known  by  the  name 
of  "  thermal  springs  " ;  but  they  must  be  distinguished 
from  the  thermal  springs  which  occur  in  volcanic  districts, 
and  are  hot  in  consequence  of  the  high  temperature  of  the 
rocks  near  volcanoes. 

6.  Intermitteni  Springs, — If  a  pervious  stratum  is  of 
small  extent,  and  has  no  subterranean  outlet,  the  water 
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which  gains  access  to  it  will  accTimulate  until  it  reaches 
a  height  from  which  it  can  overflow,  finding  its  way  to 
the  surface  by  the  nearest  outlet.  Again,  if  the  channels 
of  ingress  are  able  to  supply  a  greater  quantity  of  water 
than  the  ordinary  channels  of  egress  can  carry  off,  some 
other  outlet  at  a  higher  level  will  act  as  a  waste-pipe  to 
carry  off  the  superabundant  supply  and  an  intermittent 
spring  will  be  formed. 

The  nailbournes  and  winterboumes  of  the  south  of  Eng- 
land are  caused  by  a  gradual  rise  in  the  line  of  saturation 
under  the  chalk-hills  till  the  water  reaches  a  level  at  which 
there  is  free  egress  into  some  valley  or  depression  ;  this,  of 
course,  only  occurs  after  periods  of  great  rainfall,  and  it  is 
only  then  that  these  **  bournes  **  begin  to  flow. 

Many  dry  valleys  in  chalk  districts  may  be  regarded  as  the 


Fig.  31.    Diagram  to  iUnstrate  cause  of  Winter-boomes. 

flood-courses  of  subterranean  streams,  that  is  to  say,  the 
bottom  of  the  valley  is  above  the  level  of  saturation  in  ordi- 
nary seasons,  and  the  water  makes  its  way  underground 
through  the  chalk,  but  after  long-continued  rains  the  level  of 
saturation  rises,  and  the  water  issues  to  the  surface  at  some 
point  higher  up  the  valley  than  the  usual  spring-head,  often 
indeed  at  several  successively  higher  points.  Fig.  31  re- 
presents a  vertical  section  along  such  a  valley,  t;i;  being  the 
slope  of  the  valley  bottom,  and  the  line  a  c  indicating  the 
level  of  saturation  in  ordinary  seasons,  so  that  there  is 
generally  a  spring  at  a.  Suppose  however  that  a  wet 
season  raises  the  general  water-level  to  the  height  h  d,  this 
will  cause  water  to  issue  at  successive  points  between  a 
and  6.  The  line  hh  ia  intended  to  represent  the  average 
elevation  of  the  chalk  downs  above  the  bottom  of  the 
valley. 
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Such  a  rise  in  the  water-level  can  be  measured  bj  its 
rise  in  deep  wells ;  thus  a  bourne  sometimes  issues  at  a 
place  called  the  Seven  Barrows,  near  Lambourn  in  Berk- 
shire, and  a  well  near  by  then  overflows,  though  in  diy 
seasons  it  is  sometimes  dry ;  this  well  is  73  feet  deep.  At 
other  places  where  bournes  issue  in  Berkshire,  Mr.  F.  J. 
Bennett  has  found  the  rise  of  the  water  in  wells  to  be  from 
70  to  100  feet. 

Action  of  Underground  Water. — The  waters  which 
sink  below  the  surface  and  find  a  passage  through  the 
rocks  exercise  both  a  chemical  and  mechanical  action. 

The  power  of  carbonated  water  to  dissolve  certain  sub- 
stances has  already  been  explained  (p.  85),  and  it  is  evident 
that  this  chemical  energy  will  enable  the  percolating  waters 
to  take  up  any  soluble  constituents  of  the  rocks  through 
which  they  pass.  The  consequences  of  this  solvent  power 
are  twofold:  not  only  will  the  water  become  charged 
with  many  mineral  substances  in  solution,  such  as  the  car- 
bonates of  lime,  iron,  and  magnesia ;  but  the  pores,  spaces, 
and  cracks  within  the  rocks  will  be  widened  and  enlarged 
by  the  removal  of  these  materials.  The  results  of  this 
chemical  action  are  most  conspicuous  among  calcareous 
rocks,  through  which  long  underground  caves  and  passages 
have  been  excavated  by  the  flow  of  subterranean  waters. 

As  a  mechanical  agent,  underground  water  acts  partly 
as  a  lubricator,  and  partly  by  removing  small  particles  of 
the  rock  in  suspension,  either  because  Ihey  have  previously 
been  loosened  by  its  chemical  influence,  or  because  the 
rock  is  of  a  loose  and  incoherent  nature  like  sand.  The 
results  of  this  action  are  most  evident  along  cliffs  and 
slopes,  especially  where  conditions  are  favourable  to  the 
formation  of  springs.  Cracks  are  widened  and  particles 
are  removed  till  the  cohesion  of  large  masses  is  so  weakened 
that  they  fall  or  founder  down  to  lower  levels.  Such  dis- 
ruptions  are  called  landslips. 

Chemical  Effects  i—MaMer  removed  in  SolnHon. — The 
materials  abstracted  from  the  rocks  through  which  water 
has  percolated  are,  of  course,  found  in  solution  when  the 
water  issues  to  the  surface  again  in  the  form  of  a  spring. 
All  well  and  spring  waters  contain  a  certain  amount  of 
mineral  matter,  and  this  is  held  in  solution  until  the  water 
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is  exposed  to  evaporation  in  the  air.  The  quantity  of  such 
mineral  matter  varies  greatly;  in  ordinary  springs  of 
drinkable  water  rising  from  (calcareous  rocks  there  is,  on 
the  average,  about  30  parts  per  100,000,  or  21  grains  in  a 
gallon  of  water,  but  sometimes  there  is  as  much  as  90 
parts  (or  68  grains)  in  a  gallon.  Springs  which  contain  a 
larger  quantity  of  such  matter  in  solution  are  generally 
called  mineral  springs,  and  they  often  taste  sensibly  of 
some  of  the  saline  ingredients ;  in  these  the  amount  varies 
from  100  to  8,000  paxts  per  100,000,  i.e.,  from  70  to  2,100 
grains  per  gallon. 

The  substances  most  commonly  found  in  spring* waters 
are: — 

Carbonate  of  lime  )  making  temporary  hard 

„  magnesia  /     water. 

„  iron  making  chalybeate  water. 

Sulphate  of  lime  )  making  permanent  hard  • 

„  magnesia    J      water. 

Chloride  of  sodium        )       , .  ,.  . 

.    .    >  makmfiT  saline  water. 
„         magnesium  J  ^  «m»«*^«  »t«*uvx. 


Carbonate  of  soda 
Sulphate  of  soda 


making  alkaline  water. 


Waters  which  rise  from  great  depths,  or  which  traverse 
heated  rocks  in  volcanic  districts,  acquire  a  high  tempera- 
ture, and  are  then  able  to  dissolve  silica  and  other  less 
soluble  matters ;  moreover,  the  presence  of  alkaline  car- 
bonates (t.6.,  those  of  Soda  and  Potash)  facilitates  the  solu- 
tion of  silica,  and  enables  the  water  to  hold  a  larger  quan- 
tity of  it  in  solution.  Springs  of  warm  water  are  often 
called  thermal  springs. 

The  amount  of  material  thus  abstracted  from  the  rocks 
and  carried  away  in  solution  is  very  great,  as  will  appear 
from  simple  calculations  based  on  the  analyses  of  the 
waters  of  various  springs.  Two  instances  will  suffice :  (1) 
Bischoff  says  that  there  are  fifty  springs  near  Carlsbad, 
giving  out  800,000  cubic  feet  of  water  in  twenty-four 
hours,  from  which  a  mass  of  stone  weighing  200,000  lbs. 
could  be  deposited  in  that  time.  Carlsbad  itself  is  built 
upon  a  mass  of  peculiar  calcareous  rock  deposited  by  these 
springs,  and  known  locally  by  the  name  of  Strudelstein 
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the  whole  valley  is,  in  fact,  filled  up  with  similar  deposits. 
(2)  The  Bath  wells  yield  181,440  gallons  a  day,  and  each 
gallon  contains  from  144  to  168  grains  of  mineral  matter 
in  solution ;  the  smaller  amount  is  equal  to  3,732  lbs.  per 
day,  or  608  tons  in  a  year.  From  these  figures  Professor 
Bamsay  has  calculated  that  if  the  mineral  contents  could 
be  precipitated  and  solidified  into  a  rock  like  limestone, 
the  amount  annually  discharged  would  form  a  column  3 
feet  square  and  about  912  feet  high.  The  following  are 
the  ingredients  of  the  Bath  water  according  to  Professor 
J.  Attfield  :— 

Grains  per  gallon. 

Carbonate  of  lime 7*84 

Sulphate  of  hme 94*10 

Nitrate  of  lime '56 

Carbonate  of  magnesia '56 

Chloride  of  ma^esium 15 '24 

Chloride  of  sodium 15*15 

Sulphate  of  soda 23  14 

Sulphate  of  potash 670 

Nitrate  of  potash 1*05 

Carbonate  of  iron 1  '21 

Silica 2'70 

168*25 

Formation  of  Holes,  Pipes,  and  Caverns, — The  dissolving 
action  of  rain-water  is  also  made  apparent  by  the  holes 
and  hollows  which  occur  in  the  surface  of  all  limestone  dis- 
tricts ;  any  little  depression  where  water  can  lodge  is  made 
deeper,  the  joints  in  the  rock  below  are  widened,  and  a 
funnel-shaped  cavity  or  swaMow  hole  is  the  ultimate  result. 

If  the  surface  is  covered  by  any  kind  of  soil,  with  a 
growth  of  trees  and  plants  which  push  their  roots  down  to 
and  into  the  rock,  the  rain-water  is  continually  guided  by 
these  roots  to  certain  points.  The  rock  is  consequently 
dissolved  more  rapidly  below  these  points,  and  a  hollow  or 
pipe  is  gradually  formed,  into  which  the  overlying  soil 
sinks.  Long  chimney-like  holes  are  sometimes  produced 
in  this  way,  filled  with  materials  derived  from  the  surface 
soil  and  descending  for  a  long  distance  downward  through 
the  rock.  Small  pipes  and  pockets  may  be  seen  in  many 
chalk-pits,  varying  in  depth  from  a  few  feet  to  many  yards, 
and  generally  filled  with  gravel,  sand,  or  loam  derived 
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from  the  overlying  soil.  Excellent  instances  are  visible  in 
the  chalk  quarries  bj  the  side  of  the  Great  Northern  Rail- 
way at  Hitchin.  Several  huge  funnel-shaped  pipes,  filled 
with  gravel,  are  here  seen  descending  vertically  into  the 
chalk,  and  passing  down  below  the  level  of  the  railway. 

These  pits  or  pipes  are  still  in  process  of  formation. 
Dr.  Darwin  says :  ^  "  During  the  last  forty  years  I  have 
seen  or  heard  of  five  cases,  in  which  a  circular  space,  several 
feet  in  diameter,  suddenly  fell  in,  leaving  on  the  field  an 
open  hole  with  perpendicular  sides,  some  feet  in  depth. 
This  occun*ed  in  one  of  my  own  fields  whilst  it  was  being 
rolled,  and  the  hinder-quarters  of  the  shaft-horse  fell  in ; 
two  or  three  cartloads  of  rubbish  were  required  to  fill  up 
the  hole.  .  .  .  The  rain-water  over  this  whole  district  sinks 
perpendicularly  into  the  ground,  but  the  chalk  is  more 
porous  in  certain  places  than  in  others.  Thus  the  drainage 
from  the  overlying  clay  is  directed  to  certain  points,  where 
a  greater  amount  of  calcareous  matter  is  dissolved  than 
elsewhere." 

In  districts  where  there  is  little  or  no  soil,  the  swalleU 
or  pot-holes  remain  open,  and  are  often  wide  and  deep 
cavities  into  which  the  surface  waters  run  and  disappear. 
Such  holes  are  common  in  the  limestone  districts  of  York- 
shire, and  an  account  of  them  has  been  published  by  Mr. 
L.  C.  Miall,  who  mentions  Thund  Pot  and  Hellen  Pot  as 
among  the  largest.' 

There  would  appear  to  be  two  modes  in  which  such 
swallow  holes  can  originate.  Some  are  due  to  direct  solu- 
tion from  surface  waters,  and  occur  singly  or  in  scattered 
groups ;  others  occur  in  linear  groups,  and  are  due  to  un- 
equal subsidence  over  a  line  of  fissure.  The  latter  are 
chiefly  found  where  the  limestone  has  a  covering  of  shale, 
clay,  or  peat;  the  fissures  below  are  then  widened  by 
aqueous  solution,  till  the  roof  can  no  longer  support  itself 
at  certain  points,  but  falls  in  and  pits  the  stirface ;  the  re- 
sult is  a  succession  of  swallow  holes,  in  which  streams  are 
often  engulphed. 

Mr.  Whitaker  remarks  that  in  Berkshire  there  are  always 
swallow  holes  at  or  near  the  junction  of  the  chalk  and  ter- 

*  "  Veffetable  Mould  and  Earth  Worm*,"  p.  137. 

•  "  Geol.  Mag,,"  1870,  Ser.  1,  voL  vlL  p.  613. 
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tiarj  beds,  and  that  the  Email  streams  flowing  off  the  latter 
often  run  into  them  ;  sometimes  disappearing  into  a  funnel- 
shaped  hollow,  sometimes  flowing  into  a  small  pool,  the 
level  of  which  never  alters,  notwithstanding  the  continual 
flow  of  water.* 

In  other  countries  swallow  holes  occur  on  a  still  larger 
scale.  Dr.  Emil  Holub  describes  a  thick  limestone  forma- 
tion as  extending  over  hundreds  of  square  miles  in  the 
Transvaal  and  Griqualand  West  (South  Africa),  and  notices 
the  frequent  occurrence  over  this  tract  of  funnel-shaped 
chasms,  sometimes  as  much  as  200  or  300  jards  in  circum- 
ference, and  from  25  to  40  feet  in  depth.  "  At  first  sight," 
he  says,  *'  thej  have  the  appearance  of  being  circular,  but 
on  investigation  they  nearly  always  prove  triangular  or 
quadrilateral.  The  interstices  of  broken  rock  with  which 
their  inner  surface  is  lined  are  filled  up  by  the  surrounding 
earth,  which  thus  forms  a  luxuriant  bed  for  the  roots  of 
trees  and  shrubs,  which  tower  up  above,  and  become  con- 
spicuous upon  the  generally  barren  plain."  From  the 
bottom  of  these  funnels  fissures  and  underground  passages 
radiate  in  different  directions,  and  Dr.  Holub  describes  his 
descent  into  one  which  bears  the  name  of  Wonderfontein. 
From  others  the  water  does  not  appear  to  escape  so  readily, 
and  consequently  the  funnels  form  small  lakes  or  pools  of 
clear  water." 

Svhterranean  Channels  and  Caverns. — The  underground 
waters  are  often  gathered  into  streams  of  considerable  size, 
and  surface  rivers  are  sometimes  engulphed  in  rifts  or 
caverns,  and  flow  for  long  distances  in  subterranean  channels 
before  they  again  emerge  to  the  surface. 

Such  is  the  stream  which  traverses  the  great  caverns  of 
the  Peak  in  Derbyshire. 

In  Staffordshire  the  river  Manifold  gradually  dwindles 
away  in  its  limestone  bed  till  the  water  finally  disappears 
in  a  fissure  near  Grindon,  and  after  flowing  undergroimd 
for  a  distance  of  three  miles,  reappears  near  Dam. 

In  Yorkshire,  the  river  Aire  issues  from  Malham  Tarn, 

^  See  also  J.  Prestwich,  '*  On  some  Swallow  Holes  near  Canter- 
bury/' "  Quart  Jouni.  Geol.  Soc."  vol.  x.  p.  222. 

*  **  Seven  Years  in  South  Africa,"  by  Dr.  Emil  Holub,  vol.  L 
p.  170. 
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a  circular  lake  about  a  mile  in  diameter,  on  the  summit  of 
a  lofty  moor,  and  after  flowing  a  short  distance  it  descends 
into  a  subterranean  channel,  whence  it  issues  again  at  the 
foot  of  Malham  Cove,  a  perpendicular  limestone  rock  288 
feet  high.i 

Sometimes,  when  the  courses  of  such  rivers  are  not  far 
below  the  surface  of  the  ground,  a  portion  of  the  roof  falls 
in,  and  leaves  a  deep  trench,  at  the  bottom  of  which  the 
brawling  waters  of  the  stream  may  be  distinguished  among 
the  masses  of  fallen  rock.  Good  instances  of  this  kind 
occur  in  the  courses  of  the  streams  which  flow  beneath  the 
great  limestone  plains  of  central  Ireland,  and  have  been 
thus  described  by  Mr.  Jukes t'^  "Sometimes  the  roof  of 
one  of  the  subterranean  river-courses  has  fallen  in  for 
some  distance,  so  as  to  f Otm  a  narrow  rocky  valley,  from  a 
hundred  yards  to  a  mile  or  two  in  length.  The  river  comes 
from  under  the  limestone  mass  at  one  end,  and  runs  below 
it  at  the  other,  the  rock  at  either  extremity  of  the  fallen-in 
valley  rising  like  a  wall  along  the  face  of  some  strong  joint. 
In  the  country,  above  and  below  one  of  these  excavations, 
no  one  would  have  any  suspicion  of  the  course,  or  even  of 
the  existence  of  the  subterranean  river." 

Instructive  examples  occur  also  in  Greece.  *'  It  appears 
that  in  the  more  elevated  districts  of  the  Morea  there  are 
many  deep  land-locked  valleys  or  basins,  closed  round  on 
all  sides  by  mountains  of  fissured  and  cavernous  limestone. 
When  the  torrents  descending  from  the  surrounding  heights 
are  swollen  by  the  rains,  they  rush  into  the  enclosed  basins ; 
but  instead  of  giving  rise  to  lakes,  they  are  received  into 
gulfs  or  chasms,  called  by  the  Greeks  Katavothra,  which 
correspond  to  what  are  termed  swallow  holes  in  the  North 
of  England." '  In  summer  it  is  possible  to  penetrate  far 
into  these  chasms,  and  within  is  found  a  suite  of  chambers 
communicating  with  each  other  by  narrow  passages.  The 
outlets  are  usually  near  the  sea-shores  of  the  Morea,  but 
are  sometimes  situate  beneath  the  sea. 

To  the  solvent  action  of  such  streams  then,  aided  doubt- 


vol.  ii.  p.  516. 
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180  yards  from  the  entrance,  is  300  feet  long,  and  about 
100  feet  high,  and  is  adorned  with  translucent  stalactites 
of  fantastic  forms.  The  riyer  is  believed  to  continue  its 
subterranean  course  for  about  eight  miles. 

The  cavern  of  the  Peak,  in  Derbyshire,  is  2,250  feet  in 
length,  and  consists  of  a  succession  of  narrow  passages  and 
lofty  chambers,  some  of  the  latter  being  200  feet  broad, 
and  more  than  100  feet  high.  Clapham  Cave,  which  runs 
a  long  distance  beneath  Ingleborough,  in  West  Yorkshire, 
is  another  remarkable  instance. 

The  Mammoth  Cave,  in  Kentucky,  U.S.,  is  well  known. 
This  has  many  branches  extending  in  different  directions, 
and  one  of  them  has  been  followed  for  a  distance  of  ten 
miles  without  reaching  its  termination.  Like  other  caverns, 
it  is  a  system  of  large  cavities  connected  by  narrow  timnels ; 
one  of  the  chambers  occupies  an  area  of  no  less  than  ten 
acres,  and  has  a  height  of  150  feet  in  some  places. 

It  is  not  only  in  ancient  limestones  that  such  caverns 
occur;  they  abound  in  the  limestone  rocks  of  elevated 
coral  islands,  where  the  excavation  of  such  cavities  must 
have  been  comparatively  rapid.  The  Eev.  J.  Williams 
states  that  in  the  island  of  Atiu,  one  of  the  Sandwich 
Islands,  there  are  seven  or  eight  of  large  extent.  He 
entered  one,  and  wandered  a  mile  along  one  of  its  branches, 
without  finding  an  end  to  its  "  interminable  wanderings."  ^ 

The  island  of  Barbados  in  the  West  Indies  affords  a 
curious  case  of  a  subterranean  system  of  drainage.  This 
is  a  raised  coral  island,  and  six- sevenths  of  it  are  covered 
with  coral-rock,  which  varies  in  thickness,  but  is  often 
from  150  to  200  feet  thick.  On  this  area  there  are  no 
permanent  surface  streams,  all  the  rain  falling  on  it  sinks 
into  the  limestone  rock,  and  is  carried  off  by  underground 
channels,  most  of  which  open  into  the  sea  by  submarine 
outlets,  whence  fresh- water  springs  issue  into  the  sea. 
The  coral  rock  seems  to  be  traversed  bv  a  veritable  net- 
work  of  channels  and  caverns ;  some  of  these  are  dry,  and 
can  be  explored  for  long  distances ;  others  are  still  occu- 
pied by  the  streams  which  made  them,  and  they  exhibit 
the  usual  features  of  limestone  caverns. 

^  See  Dana's  "  Coral  Beefs,"  p.  361. 
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Mechanical  Effects: — Landslips. — Any  slope  of 
clay  or  shale  has  a  tendency  to  slip  after  heavy  rain,  as 
may  be  seen  in  many  of  our  railway  cuttings.  In  dry 
weather  the  contraction  of  the  clay  leads  to  the  formation 
of  internal  cracks,  and  when  rain  f  aUs  the  water  flows  down 
these,  removes  particles  from  their  sides,  and  so  lubricates 
the  contiguous  surfaces  that  portions  slip  and  founder  down 
by  their  own  weight.  The  foundering  of  clay  slopes  can 
be  well  studied  in  the  Isle  of  Sheppey,  where  Is^ge  portions 
of  ground  slip  seaward  every  winter.  The  manner  in 
which  these  slips  are  produced  has  been  thus  described :  ^ — 
"  In  the  hot  weather  the  surface  of  the  ground  is  cracked 
from  the  shrinking  of  the  clay,  and  the  cracks  are  seen  as 
gaping  fissures  about  six  inches  across  and  many  yards  in 
length  and  depth.  When  the  rain  falls,  it  find  its  way 
into  these  cracks  and  softens  the  clay  at  the  bottom.  K 
the  crack  is  near  the  cliff,  the  half  detached  mass  being 
now  heavier,  owing  to  the  addition  of  the  water,  while  the 
cohesion  of  the  attached  portion  is  lessened,  slips  down  to 
the  shore  below,  sometimes  almost  unbroken,  sometimes 
breaking  ofE  by  parallel  cracks  into  a  series  of  terraces,  or 
even  in  part  creeping  down  among  the  fallen  stiffer  masses 
as  a  glacier-like  mud-flow.  The  sea  washes  this  debris 
away  from  the  base  of  the  cliff,  and  the  process  is  re- 
peated.'' 

In  harder  rocks  the  open  cracks  and  joints  afford  access 
to  the  rain-water,  and  frost  often  assists  in  the  process. 

Professor  Heim  has  recently  called  attention  to  the 
importance  of  these  massive  landslips  (Bergstiirze)  in 
mountainous  regions;  and  the  Eev.  A.  Irving  has  dwelt 
upon  the  part  which  they  play  in  the  formation  of  many 
lakes.' 

Three  principal  types  of  such  landshps  may  be  recognized 
in  Switzerland : — 

1.  Cases  in  which  thick  accumulations  of  d^ris  upon 
mountain  sides  become  saturated  with  water  after  heavy 
rains.  The  water,  by  increasing  the  weight  of  the  mass, 
and  diminishing  the  friction,  causes  the  whole  to  slide 

^  Professor  Hnches,  in  Whitaker's  "Geology  of  the  London 
Basin,"  Mem.  Geol.  Survey,  vol.  iv.  p.  387. 
»  "  Geol.  Mag."  Dec.  2,  vol.  x.  p.  160. 
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down  the  slope.  "  One  of  the  most  remarkable  instances 
of  this  class  is  the  movement  which  is  now  going  on  at  the 
village  of  Fetan,  in  Unter  Engadin.  Houses  are  tilted,  or 
parted  asunder ;  and  the  solid  rock  on  which  the  tower  of 
the  church  stands  is  found  to  be  but  a  great  [detached] 
mass  of  granite,  which  is  slowly  moving  with  the  looser 
materials  in  which  it  lies  embedded."  ^ 

2.  Cases  in  which  the  strata  forming  a  mountain  slope 
towards  a  valley  on  one  side  of  it,  so  that  portions  become 
loosened  by  the  action  of  rain  and  frost,  and  slip  bodily 
down  into  the  valley  below.  The  falls  from  the  Bossberg 
near  Lake  Zug  belong  to  this  type.  In  1806  large  slices 
broke  away  from  the  side  of  this  mountain,  aud  feU  into 
the  valley  of  Gk)ldau,  burying  villages,  and  causing  great 
destruction  and  loss  of  life.  The  great  landslip  at  Elm 
in  1881  is  another  well-known  case  where  a  portion  of 
the  Tschingel  Alp  gave  way  and  fell  on  to  the  village  of 
Elm  2,000  feet  below,  crushing  the  greater  part  of  it.  The 
amount  of  fallen  rock  was  estimated  by  Professor  Heim 
at  ten  million  cubic  metres,  and  each  cubic  metre  of  the 
slate  and  shale  which  fell  would  weigh  about  two  tons. 

3.  Cases  in  which  huge  masses  of  rock  are  detached  from 
the  higher  slopes,  and  form  avalanches  of  rock  and  earth, 
which  descend  into  the  valleys.  Such  falls  frequently  de- 
8tro7  whole  villages,  and  sometimes  lead  to  the  formation 
of  lakes,  either  permanent  or  temporary ;  and  the  bursting 
of  the  latter  causes  destructive  floods  below  the  site  of  the 
barrier.  Thus,  in  1512,  a  mass  fell  from  Monte  Crenone, 
above  Biasca,  destroying  400  houses,  and  killing  600  people. 
"  The  river  Blegno  was  dammed  up  by  it,  and  formed  a 
lake,  which  remained  for  three  years,  when  the  barrier  was 
broken  through,  and  the  whole  valley,  down  to  Lake  Mag- 
giore,  devastated  by  floods."  In  1618,  the  village  of  Plurs, 
in  Bergell,  was  totally  overwhelmed,  and  still  remains 
completely  buried. 

.  "  No  Alpine  valley,"  says  Professor  Heim,  "  is  without 
such  heaps  of  debris  and  traditions  having  reference  to 
them.  A  still  older  series  belongs  to  a  time  extending  far 
back  beyond  the  range  even  of  tradition."  He  particularly 

^  Heim,  quoted  by  Irving,  op,  eit,  p.  161. 
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describes  an  enormous  fall  near  Films,  which  is  2,000  feet 
high,  and  appears  to  have  taken  place  at  a  time  anterior 
to  the  glacial  epoch. 

The  recent  landslip  in  the  valley  of  the  Bhone  (January, 
1883)  is  another  instance.  Between  Bellegarde  and  Evian, 
the  Bhone  runs  through  a  narrow  rocky  gorge,  bounded 
on  one  side  by  a  lofty  spur  of  the  Jura,  and  on  the  other 
by  the  precipice  of  Mont  Yuache,  along  a  ledge  of  which  the 
railway  is  here  carried.  From  this  mountain,  an  enormous 
mass  of  earth  and  rock  fell,  destroying  a  short  tunnel  on 
the  railway,  and  stretching  across  to  the  other  side  of  the 
valley,  so  as  completely  to  block  the  course  of  the  Bhone. 
The  waters  immediately  began  to  gather  behind  the  barrier ; 
and  had  it  been  strong  enough  to  dam  them  back  for  a 
long  time,  the  consequences  would  have  been  tremendous, 
but  fortunately  the  river  soon  forced  a  passage  through 
the  mass  of  d^ris. 

In  the  British  Isles,  landslips  are  most  frequent  where 
the  superposition  of  pervious  upon  impervious  rocks  cause 
the  issue  of  springs  along  the  foot  of  a  slope  or  cliff.  In 
such  cases,  the  water  is  perpetually  sapping  the  founda- 
tions of  the  upper  beds,  and  lubricating  the  surface  of  the 
impervious  stratum  below,  till  large  masses  founder  down 
at  once,  and  form  a  series  of  confused  mounds  and 
terraces. 

The  well-known  TJndercliff  of  the  Isle  of  Wight  is  an 
example  of  this,  being  in  reality  a  succession  of  landslips, 
caused  by  the  sUpping  of  masseB  of  chalk  and  greensand 
over  the  surface  of  the  dark  blue  clay  which  underlies 
them.  This  clay  is  locally  termed  **  the  blue  slipper,"  but 
is  known  to  geologists  under  the  name  of  gauU,  The  fallen 
masses  form  a  series  of  irregular  terraces  between  the  real 
cliff  and  the  shore,  and  extend  for  a  distance  of  six  miles 
along  the  coast.  This  undercliff  and  its  formation  is  indi- 
cated in  fig.  33,  which  is  a  diagrammatic  section  from 
north  to  south  (from  Mantell's  *'  Excursions  in  the  Isle  of 
Wight"). 

The  history  of  a  single  landslip,  such  as  that  of  the  great 
Axmouth  slip,  which  occurred  in  1839,  will  be  instructive. 
The  arrangement  of  the  beds  on  this  coast  is  similar  to 
that  in  the  Isle  of  Wight — beds  of  chalk  and  greensand 
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resting  on  a  retentive  stratum  of  clay,  the  surface  of  which 
has  a  slight  slope  seaward.  The  following  account  is 
abridged  from  Sir  Charles  LyelVs  description :  — "  In  1839, 
an  excessively  wet  season  had  saturated  all  the  rocks  with 
moisture,  so  as  to  increase  the  weight  of  the  incumbent 
mass  from  which  the  support  had  ab*eady  been  withdrawn 
by  the  action  of  springs.  Winter  came  on,  and  frost  exer- 
cised its  usual  expansive  effects  on  the  water  in  all  the 
vertical  cracks  and  fissures,  and  naturally  tended  to  force 
the  masses  outwards  and  seawards,  while  their  slippery 
basis  of  watery  sand  decreased  the  friction,  and  rendered 
their  descent  over  the  surface  of  the  clay  a  comparatively 
easy  process.  These  causes  gave  rise  to  a  convulsion,  which 
began,  on  the  morning  of  the  24th  of  December,  with  a 


Fig.  33.    The  Undercliff,  lale  of  Wight. 

crashing  noise.  On  the  evening  of  the  same  day,  fissures 
were  seen  opening  in  the  ground,  and  the  walls  of  tene- 
ments rending  and  sinking,  until  a  deep  chasm  or  ravine 
was  formed,  extending  nearly  three-quarters  of  a  mile  in 
length,  with  a  depth  of  from  100  to  150  feet,  and  a  breadth 
exceeding  240  feet.  The  tract  intervening  between  this 
fissure  and  the  sea,  including  the  ancient  undercliff,  was 
carried  bodily  forward,  and  the  pressure  of  this  enormous 
mass  forced  up  the  shore  in  front  of  it,  producing  a  long, 
upraised  ridge,  covered  with  large  blocks  of  rock,  which,  at 
the  time  of  the  occurrence,  were  invested  with  seaweed  and 
corallines,  and  scattered  over  with  shells  and  star-fish. 

*'  Far  larger  instances  of  ancient  landslips,  of  which  no 
record  is  known,  and  which  took  place,  perhaps,  before 
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Principles  of  Geology,"  tenth  edition,  voL  i.  p.  536. 
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historic  times,  or  even  before  the  country  was  inhabited  hj 
man,  may  be  observed  in  some  parts  of  the  south-west 
coast  of  Ireland.  On  the  coast  west  of  Bearhaven,  in  county 
Cork,  and  west  of  Brandon  Head,  in  county  Kerry,  as  also 
in  Derrymore  GHen,  between  the  mountains  called  Baurtre- 
gaum  and  Cahirconrea,  there  are  great  cliffs,  where  the 
rocks  are  thrown  into  positions  which  appeared  puzzling 
and  abnormal,  imtil  it  was  ascertained  that  they  formed 
parts  of  gigantic  landslips.  Masses  of  land,  with  cliffs 
800  feet  high,  were  then  seen  to  be  nothing  but  a  confused 
heap  of  broken  ruins,  their  cracks  and  dislocations  being 
superficial  only,  and  not  extending  below  the  level  of  the 


sea."* 


^  Jukes'  "  Manual  of  Geology,''  second  edition,  p.  102. 


CHAPTER  Vin. 

FLTTTIATILB   AGENCIES. 

1. — Action  of  Bivers. 

HOW  a  River  is  formed. — A  river  results  from  the 
union  of  streams,  just  as  one  of  these  streams  results 
from  the  imion  of  minor  streams  or  brooks.  The  feeders 
of  a  stream  or  river  are  called  its  tributaries ;  the  area 
which  is  drained  by  the  whole  number  of  these  tributaries 
is  called  the  area  of  drairuige,  and  a  river  with  its  tribu- 
taries is  often  spoken  of  as  a  system  of  drainage.  The 
sources  of  supply  are  the  rain  which  runs  off  the  ground 
within  the  drainage  area,  and  the  springs  which  rise  to  the 
surface  within  that  area.  Where  a  river  has  its  sources  in 
mountains  that  are  permanently  snow-clad,  the  melting 
snow  becomes  a  source  of  supply  in  summer.  The  ridge 
or  line  of  country  from  which  the  rainfall  runs  off  in  diffe- 
rent directions  is  called  a  watershed,  or  waier-parting. 

Laws  of  Flow. — The  rate  at  which  water  flows  from  a 
range  of  hills  to  the  sea  varies  greatly  in  different  parts  of  its 
journey,  because  the  slope  of  the  watercourse  differs  in  diffe- 
rent places.  The  velocity  of  a  stream  at  any  one  place  depends 
primarily  on  the  inclination  of  the  channel  at  that  place,  and 
secondarily  on  the  volume  of  water  passing  through  it. 

The  inclination  of  the  channel  varies  from  a  steep  slope, 
forming  rapids,  to  a  nearly  level  plain,  through  which  tibe 
water  is  only  propelled  by  the  force  of  the  stream  behind 
it.  The  channel  of  a  mountain  torrent  often  has  a  slope 
of  over  200  feet  per  mile ;  thus  the  Beuss,  between  Auder-  I 
matt  and  Amsteg,  has  a  fall  of  about  212  feet  per  mile.  As 
examples  of  the  channel  slopes  lower  down  the  valley  of  a 
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mountain  river  we  may  take  the  case  of  the  Inn  between 
St.  Moritz  and  Jenbach.  Between  St.  Moritz  and  Samaden 
(3  miles)  the  average  slope  is  65*3  feet  per  mile,  between 
Samaden  and  Landeck  (80  miles)  it  is  about  39'3  feet  per 
mile,  from  Landeck  to  Innsbruck  (53  miles)  it  averages 
13*8  feet,  and  from  Innsbruck  to  Jenbach  (23  miles)  about 
4  feet  per  mile.^  When  a  river  reaches  great  plains  that 
are  not  far  above  the  sea-level  its  slope  is  often  only  a  few 
inches  per  mile. 

Again,  the  velocity  of  a  current  varies  with  the  volume 
of  the  streams.  If  two  streams  have  the  same  slope  for  a 
given  distance,  but  there  is  more  water  in  the  one  than  in  the 
other,  the  larger  stream  will  have  the  greater  velocity.  Also 
if  a  stream  is  in  flood  its  velocity  at  a  given  spot  is  greater 
than  when  there  is  only  the  usual  volume  of  water. 

Further,  not  only  .does  the  velocity  of  a  river  vary  at 
different  times  and  in  different  parts  of  its  course,  but  it 
also  varies  in  different  parts  of  the  same  cross-section  of 
the  current,  on  accoimt  of  the  friction  between  the  flowing 
water  and  the  river-bed.  Thus  the  middle  of  the  surface 
of  the  stream  flows  faster  than  the  sides,  and  the  water  at 
the  bottom  travels  slowest,  the  velocity  of  the  bottom 
water  being  often  only  half  that  of  the  surface  water  in 
mid-stream. 

With  regard  to  the  actual  velocities  of  streams,  it  ap- 
pears that,  except  in  falls  and  rapids,  the  fastest  currents  do 
not  exceed  20  miles  an  hour,  and  a  current  of  8  or  10  miles 
an  hour  at  the  surface  is  a  rapidf stream,  capable  of  moving 
large  pebbles.  It  is  stated  Uiat  the  average  speed  of  an 
ordiniuy  river-current  varies  from  6  miles  an  hour  when 
the  stream  is  high  and  swollen,  to  about  li  mile  an  hour 
when  the  water  is  low.  The  Ohio  river  at  Cincinnati,  where 
its  fall  is  4  inches  to  the  mile,  has  a  mean  surface  speed 
of  1^  mile  an  hour  when  the  water  is  low  (i.e.,  6  feet  deep), 
when  the  water  is  high  (54  feet  deep)  the  average  current 
is  nearly  6  miles  an  hour,  the  actual  rate  in  the  middle 
being  6*35  miles,  and  at  points  halfway  toward  either  bank 
5'85  miles  per  hour.^ 

*  Prof.  T.  G.  Bonney,  "Geol.  Mag."  Dec.  3,  vol.  v.  p.  64. 
>  Himnan's  *'  Eclectic  Physical  Geography,"  1889,  p.  213. 
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Transport  of  Detritus. — ^Everjone  knows  that  a 
mountain  torrent  rolls  pebbles  along  its  bed,  and  that  a 
river  in  flood  is  turbid  with  the  mud  which  it  carries ;  but 
the  geologist  requires  some  more  definite  information  on 
this  important  subject.  In  studying  the  power  of  running 
water  to  transport  rock-material  from  higher  to  lower  levels 
there  are  three  primary  facts  to  be  remembered : — 

1.  L088  of  Weight, — All  earths  and  stones  lose  one-third 
of  their  weight  when  suspended  in  water,  consequently  the 
force  required  for  lifting  them  is  only  two-thirds  of  the 
force  necessary  to  lift  them  through  air ;  and  still  less 
force  is  required  to  push  or  roll  stones  along  the  bed  of  a 
stream. 

2.  Shape  of  the  Fragments, — Eounded  pebbles  can  be 
rolled  along  by  a  current  of  water  which  would  be  quite 
unable  to  move  flat  slabs  of  the  same  weight ;  conversely, 
flat  slabs  or  flakes  would  sink  more  slowly  than  rounded 
fragments  of  the  same  cubic  contents.  Flakes  of  mica 
might  therefore  be  transported  onwards  where  grains  of 
quartz  would  sink,  though  the  latter  might  be  lighter  than 
the  former. 

3.  Velocity  of  Current. — ^As  already  mentioned  (p.  126), 
the  velocity  of  a  stream  depends  upon  the  volume  of 
water  and  the  declivity  of  the  channel.  An  increase  in 
either  of  these  factors  quickens  the  current,  and  increased 
velocity  means  increased  power  to  transport  material. 
Mr.  A.  Tylor  made  experiments  from  which  he  arrived  at 
the  conclusion  that  the  velocity  increases  as  the  cube  root 
of  the  increase  of  volume  on  the  same  slope,  and  as  the 
cube  root  of  the  increase  of  slope  if  that  is  increased 
and  the  volume  of  water  is  unaltered.^  We  learn  from 
Mr.  W.  Hopkins  that  the  transportive  power  of  water  in- 
creases as  the  sixth  power  of  the  velocity  of  the  current. 
Thus  if  the  velocity  is  doubled  its  motive  power  is  in- 
creased 64  times ;  if  its  velocity  is  trebled,  its  motive 
power  is  increased  729  times,  and  so  on.' 

From  Mr.  Hopkins'  law  above  quoted  we  can  express 
the  transportive  power  of  streams  in  terms  of  the  weight 

>  See  <<66oL  Mag."  Dec  2,  vol.  ii.  p.  446. 
*  «  Quart.  Jonm.  GeoL  Soc.**  voL  iv.  p.  92. 
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fragments  of  rock  whicli  have  fallen  from  the  neighbouring 
crags  mto  the  water-course.  These  blocks,  arresting  the 
force  of  the  stream,  are  worn  and  fretted  by  the  partides  of 
sand  and  mud  with  which  the  water  is  charged,  till  thej  be- 
come smooth  and  rounded  bj  the  constant  attrition.  Some 
greater  flood  than  usual  then  sets  them  in  motion,  thej 
are  knocked  and  ground  against  one  another  till  they  are 
broken  up  and  converted  into  a  number  of  smaller  stoi^es 
or  pebbles.  These  are  rolled  onward  into  the  brook,  where 
they  undergo  a  continuation  of  the  same  mechanical  opera- 
tion, being  perpetually  ground  into  smaller  and  smaller 
fragments,  till  they  eventually  become  grains  of  sand  and 
particles  of  mud.  In  this  shape  they  are  delivered  into 
the  river,  and  after  many  detentions  by  the  way,  are  ulti- 
mately swept  into  the  sea. 

In  a  clear  and  shallow  stream  flowing  over  a  sandy  bed 
the  manner  in  which  sand  and  small  pebbles  are  rolled 
along  the  bottom  can  often  be  watched.  The  bed  generally 
exhibits  a  number  of  transverse  ridges  or  ripples,  each  with 
a  gentle  slope  along  the  up-stream  side,  and  a  steep  slope 
on  the  down-stream  side.  The  particles  of  sand  are  rolled 
by  the  current  up  the  gentle  slope  till  they  come  to  the 
crest  of  the  ridge,  when  l^ey  drop  down  the  steep  slope  into 
the  furrow.  There  they  are  covered  up  by  succeeding 
particles,  the  front  of  the  ridge  being  continually  advanced 
as  the  particles  from  behind  are  pushed  over  it. 

M.  du  Buat,  in  his  work  on  Hydraulics,  gives  a  table 
which  shows  the  velocity  required  to  move  detritus  of 
various  sizes ;  and  this  in  a  little  clearer  form  for  pebbles 
of  average  rock,  and  extended  by  Professor  Bonney,  is 
given  below : — 

Velocity  of  current.  Size  of  material  moved. 

One  of  3  inches  per  sec.  moves  fine  clay  or  silt. 


„        6     „ 

• 

ft 

fine  sand. 

„        8      „ 

ft 

ft 

particles  the  size  of  peas. 

1  foot 

»» 

ft 

pebbles  as  large  as  beans  (fin.) 

2  feet 

*) 

ft 

pebbles  of  1  inch  diameter. 

„        2-82  feet 

»f 

ft 

pebbles  of  2  inches  diameter. 

3-46    „ 

» 

ft 

pebbles  of  3  inches  diameter. 

„        400    „ 

ft 

ft 

pebbles  of  4  inches  diameter. 
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Velocity  of  current.  Size  of  material  moved. 

One  of  4*47  feet  per  sec.  moves  pebbles  of  5  inches  diameter. 
4*90    „  „        „       pebbles  of  6  inches  diameter. 

5'29    „  „        „       pebbles  of  7  inches  diameter. 

5*65    „  „    '     „       pebbles  of  8  inches  diameter. 

6'00    „         „        „       pebbles  of  9  inches  diameter. 


9* 
9f 


A  current  of  6  feet  per  second  is  about  4  miles  an  hour, 
but  this  is  the  velocity  at  the  bottom,  which  is  about  half 
that  of  the  surface  in  the  middle.  To  move  pebbles  of 
4  inches  diameter  requires  a  current  of  2 i  miles  an  hour — 
that  is,  a  central  surface  velocity  of  54-  nules  an  hour. 

Matter  in  Solution. — Besides  the  detritus  which  is  me- 
chanically transported  by  the  force  of  the  current,  the 
waters  of  every  river  contain  a  large  amount  of  material  in 
chemical  solution.  The  mineral  substances  which  occur  in 
spring- water  have  already  been  mentioned,  and  these,  of 
course,  will  be  present  in  the  rivers  that  are  fed  by  springs, 
though  in  smaller  proportions,  because  of  the  admixture  of 
rain-water,  by  which,  however,  some  other  ingredients  are 
introduced.  The  following  is  a  list  of  the  substances 
generally  or  frequently  found  in  river-waters : — 

Carbonates  of  lime,  magnesia,  and  soda. 
Sulphates  of  lime,  mi^nesia,  potash,  and  soda. 
Chlorides  of  calcium,  magnesium,  and  sodium. 
Silicates  of  potash  and  soda. 
Peroxides  of  iron  and  manganese. 
Silica  and  alumina  in  smaU  quantities. 

The  amount  of  mineral  matter  dissolved  in  the  water  of 
brooks  and  rivers  varies  from  15  to  50  parts  in  the  100,000 
parts  of  water.  The  water  flowing  oft  siliceous  rocks 
seldom  has  more  than  20  parts,  while  that  running  off  cal- 
careous rocks  generally  contains  over  30  parts  per  100,000. 
The  amount  in  ordinary  river-water  may  be  taken  as  about 
20  parts  per  100,000,  but  it  varies  with  the  rainfall,  being 
at  a  maximum  when  the  rainfall  is  least  and  the  supply  of 
water  is  in  consequence  mainly  derived  from  springs,  and 
it  is  at  a  minimum  after  times  of  heavy  rainfall. 

The  Thames  carries  past  Kingston  27  parts  per  100,000, 
or  19  grains  of  solid  matter  per  gallon  of  water,  and  the 
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mean  annual  discharge  of  water  at  the  same  place  is  at  the 
rate  of  1,250  millions  of  gallons  a  daj.  From  these  data 
Professor  Prestwich  has  calculated  that  the  average  amount 
of  dissolved  mineral  matter  carried  by  the  Thames  past 
Kingston  every  24  hours  is  1,502  tons,  which  is  equal  to 
548,230  tons  in  the  year.  Of  this  quantity  about  two- 
thirds  (say  1,000  tons  daily)  is  carbonate  of  lime,  and  238. 
tons  is  sulphate  of  lime,  while  smaller  proportions  of  mag- 
nesium carbonate,  sodium  and  potassium  chlorides,  sodium 
and  potassium  sulphates,  silica,  and  a  little  iron  and 
alumina,  constitute  the  remainder. 

Mr.  Mellard  Eeade  has  calculated,  from  the  data  given 
in  the  Sixth  Eeport  of  the  Eivers  Pollution  Committee, 
that  all  the  rivers  of  England  and  Wales  taken  together 
remove  in  solution  143'5  tons  of  mineral  matter  from 
every  square  mile  per  annum,  or  a  total  amount  of 
8,370,630  tons  per  annum.  This  at  15  cubic  feet  to  a  ton 
gives  125,559,450  feet,  and  this  is  equivalent  to  a  general 
lowering  of  the  surface  by  0077  of  a  foot,  or  nearly  one- 
tenth  of  an  inch  in  a  century.  Taking  the  world  generally, 
Mr.  Beade  computes  that  the  quantity  of  mineral  matter 
carried  off  the  surface  of  the  land  by  rivers  is  about  100 
tons  per  square  mile  per  annum,  and  that  of  this  about 
50  tons  may  be  carbonate  of  lime.^ 

In  European  rivers  carbonate  of  lime  generally  forms 
more  than  half  the  total  amount  of  matter  in  solution ;  its 
mean  quantity,  according  to  Bischof,  being  11*34  in  the 
100,000.  The  waters  of  the  Khone  appear  to  remove  a 
larger  amount  of  carbonate  of  lime  from  each  square  mile 
of  drainage  basin  than  any  other  European  river.  The  total 
solids  in  solution  amount,  according  to  Mellard  Eeade,  to 
232  tons  per  square  mile  per  annum,  and,  according  to 
Bischof  s  analysis,  about  two-thirds  of  this  must  be  car- 
bonate of  lime. 

After  the  carbonate  the  sulphate  of  lime  is  the  next  most 
abundant  mineral  in  solution,  and  in  some  rivers  forms 
nearly  half  the  dissolved  matter!     The  quantity  in  the 

^  *' Address  on  (geological  Time,"  Liverpool  Geol.  See,  1876. 
The  proporiion  of  the  surface  area  of  calcareous  rocks  in  Engluid 
and  Wales  is  rather  larger  than  that  of  Europe  generally. 
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Thames  water  at  Eingston  is  about  one-sixth  the  total 
solids  in  solution,  according  to  Professor  Prestwich. 

Less  in  amount  are  chloride  of  sodium,  carbonate  of 
magnesia,  and  silica.  The  proportion  of  silica  found  in 
river-water  is  believed  to  depend  upon  the  concomitant 
amount  of  organic  acids  derived  from  the  humus  or  vege- 
table soil  occurring  in  the  basin  of  drainage.^  In  the 
water  of  the  Thames  at  London  Bridge,  the  amount  of 
silica  is  stated  as  '1239  grains  in  a  gallon,'  or  *214  parts  in 
100,000 ;  in  the  Rhine  at  Strasburg  as  much  as  4*88  parts 
have  been  found. 

Total  Quantities  of  Transported  Matter. — The 
calculations  above  given  refer  only  to  matter  in  solution  ; 
the  total  amount  of  matter  carried  down  annuallj  by  any 
river  can  be  estimated  by  examining  its  waters  at  different 
periods  and  determining  their  solid  contents.  The  amount 
of  matter  carried  down  by  any  river  in  flood  is  very  much 
greater  than  when  the  water  is  low,  but  Mr.  Mellard  Eeade 
has  pointed  out  that  the  amount  in  solution  does  not  vary 
so  much  as  that  in  suspension.^  The  Nile  when  in  flood 
brings  down  41  times  as  much  matter  in  solution  as  it  does 
during  low  Nile,  but  the  amount  in  suspension  varies, 
according  to  Dr.  Letheby,  from  4*772  parts  per  100,000  at 
low  Nile  to  149*157  parts  at  high  Nile,  or  31  times  as  much, 
the  flow  of  water  being  also  increased  about  26  times,  so 
that  the  total  amount  brought  down  at  high  Nile  is  about 
800  times  as  much  as  at  low  Nile. 

In  the  case  of  the  Danube  the  smallest  delivery  of  sus- 
pended matter  per  day  of  twenty-four  hours,  is  stated  by 
Sir  C.  A.  Hartley  to  be  11,000  tons,  the  greatest  2,500,000 
tons/  or  a  variation  of  227  times. 

In  order  to  make  an  exact  calcalation  of  this  matter  four 
things  should  be  known  regarding  the  riven— 

1.  The  mean  annual  discharge  of  water. 

2.  The  average  amount  of  mud  in  suspension. 

3.  The  average  amount  of  coarser  debris  pushed  along 
the  river  bottom. 

'  SeeSteny Hunt,  "ChenucalandGeologicalEssays,"pp.  126, 160. 
*  Ashley,  in  "  Quart.  Journ.  Chem.  Soc."  vol.  ii.  p.  74. 
3  **  On  Kivere,"  "  Trans.  Geol.  Assoc.  Liverpool,'^  1882. 
^  Reade,  op,  cit. 
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4.  The  proportion  of  mineral  matter  in  solution. 

These  data  have  not  yet  been  all  carefully  obtained  for 
many  rivers,  but  some  of  them  have  been  estimated  in  the 
case  of  several  rivers,  with  the  following  results. 

The  Mississippi  carries  down  every  year  about 
6,724,000,000  cubic  feet  of  sediment  in  mechanical  suspen- 
sion, and  about  750,000,000  cubic  feet  more  of  sand  and 
gravel  is  rolled  along  the  bottom  of  its  channel,  making  a 
total  of  about  7,474,000,000  cubic  feet  per  annum.  This 
would  cover  a  square  mile  of  ground  to  a  depth  of  368  feet. 
The  amount  in  suspension  only,  calculated  at  19  cubic  feet 
to  the  ton,  is  equivalent  to  354,000,000  tons  per  annum,  and 
that  rolled  along  is  equivalent  to  about  39,500,000  tons 
per  annum.  The  amount  carried  in  solution  has  been  cal- 
culated by  Mr.  Mellard  Eeade  from  an  analysis  of  water 
taken  a  few  miles  above  New  Orleans,  which  gave  15*487 
grains  per  American  gallon,  in  which  there  are  56,000 
grains  of  water.  On  this  basis  he  estimates  that  the  river 
carries  150  millions  of  tons  of  soluble  matter  per  annum 
past  New  Orleans. 

According  to  the  observations  of  Sir  C.  A.  Hartley  on 
the  Danube,  the  average  amount  of  matter  carried  in  sus- 
pension by  this  river  may  be  put  at  67,760,000  tons  per 
annum ;  but  the  quantity  rolled  along  the  bottom  has  not 
been  estimated.  Neither  has  the  amount  in  solution  been' 
accurately  ascertained.  Bischof  gives  an  analysis  of  the 
water  near  Vienna,  which  yielded  12*42  parts  per  100,000. 
Assuming  this  to  be  an  average  quantity,  Mr.  Eeade  calcu- 
lates the  total  solids  carried  in  solution  past  Vienna  to  be 
22,521,434  tons  per  annum.^ 

The  Bhone  has  been  estimated  to  discharge  600,381,800 
cubic  feet  of  sediment  per  annum,  which  is  equivalent  to 
about  30,000,000  tons,  but  this  is  probably  rather  too 
great.  Experiments  at  Aries  gave  the  mean  proportion  of 
suspended  matter  in  the  river  by  weight  as  ^i^.  and  as 
the  annual  discharge  of  water  at  Avignon  is  estimated  at 
about  53,144,000,000  tons,  the  quantity  of  suspended 
matter  calculated  from  this  should  be  26,572,000  tons  per 

*  Reade,  **  Denudation  of  the  Two  Americas,"  GeoL  Soc.  Liver- 
pool, 1876. 
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annum.  Witli  regard  to  the  matter  in  solution,  the  mean 
of  four  analyses  given  by  Bischoff  is  15*6,  which  as  calcu- 
lated by  Mr.  Beade  gives  8,290,4*64  tons  per  annum. 

The  Nile  is  stated  by  M.  Talabot  to  discharge  at  the  rate 
of  about  88,500  millions  tons  of  water  a  year.  Mr.  Fowler 
estimates  it  at  100,000  millions,  and  states  the  amount  of 
sediment  carried  to  be  67  millions  of  tons  a  year.^  Dr. 
Letheby  found  the  amount  in  solution  to  vary&om  13 '614 
to  20-471  per  100,000  in  1874 ;  if  we  assume  the  mean  to 
be  17  parts,  and  take  Mr.  Fowler's  estimate  of  discharge, 
we  find  the  amount  of  matter  carried  by  the  Nile  in  solution 
to  be  16,950,000  tons  a  year. 

The  amoimt  of  suspended  sediment  carried  by  the 
Thames  has  never  been  estimated,  except  on  the  assump- 
tion that  the  proportion  by  weight  to  that  of  the  water  is 
the  same  as  that  of  the  Mississippi,  in  which  case  the 
amount  would  be  982,000  tons  a  year.  The  amoimt  in 
solution  has  been  given  by  Prestwich  as  548,230  tons. 

Tabulating  the  above  statements  and  calculations  we 
have — 

Missieeippi,      In  suspension  «=  354,000,000  tons. 

Along  bottom  =    39,500,000  tons. 
In  solution       =  150,000,000  tons. 


Daniibe, 


Total  543,500,000  tons. 

In  suspension  =    67,760,000  tons. 
In  solution       =    22,521,434  tons. 


Nile. 


Total    90,281,434  tons. 

In  suspension  =    67,000,000  tons. 
In  solution       =  ?  16,950,000  tons. 


JRhone. 


Total    83,950,000  tons. 

In  suspension  =    26,572,000  tons. 
In  solution       =      8,290,464  tons. 


Total    34,862,464  tons. 
•  "  Brit.  Assoc.  Rep."  1882,  Address  to  Mech.  Sec. 
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Thames.  In  siispension  =      p  982,000  tons. 

In  solution      »         548,230  tons. 


Total      1,530,230  tons. 

Erosive  Power. — ^That  running  streams  have  the 
power  of  deepening  and  widening  the  channels  in  which 
they  flow,  is  now  a  well  established  and  most  important 
facL  The  power  of  running  water  to  cut  out  a  channel 
for  kself  is  often  well  exemplified  on  a  newly-made  bank 
of  earth  or  sand,  before  it  becomes  covered  with  vegeta- 
tion. If  such  a  bank  of  earth  is  observed  after  a  shower 
of  rain,  it  will  be  noticed  that  the  slope  is  furrowed  from 
top  to  bottom  by  little  runnels  and  channels,  which  have 
been  excavated  by  the  rills  into  which  the  rain-drops  col- 
lected as  they  coursed  down  the  slope.  This  is  a  miniature 
representation  of  what  takes  place  on  the  sides  of  a  vaUey 
or  the  slopes  of  a  watershed. 

Sir  Charles  Lyell  describes  a  ravine  near  Milledgeville 
in  Georgia,  U.S.,  entirely  formed  by  the  torrential  action  of 
rain-streams  consequent  upon  the  cutting  down  of  the 
forests,  which  had  previously  prevented  the  rain  from  col- 
lecting into  large  streams.  When  the  land  was  cleared 
cracks  3  feet  deep  were  caused  by  the  heat  of  the  sun ;  and 
during  the  rains  the  rush  of  water  deepened  the  principal 
crack  at  its  lower  extremity,  whence  the  excavating  power 
worked  backwards,  till,  in  the  course  of  twenty  years,  a 
chasm  was  produced  no  less  than  55  feet  deep,  300  yards 
long,  and  varying  in  width  from  20  to  180  feet.^ 

Miss  Bird,  describing  a  journey  during  heavy  rain  in  the 
Sandwich  Islands,  says :  **  In  some  places  several  feet  of 
soil  had  been  washed  away,  and  we  passed  through  water- 
rents,  the  sides  of  which  were  as  high  as  our  horses'  heads, 
where  the  ground  had  been  level  a  few  days  before." 

The  process  may  also  be  studied  with  great  advantage  on 
the  slopes  of  volcanic  cones  which  have  ceased  to  be  active. 
An  excellent  set  of  examples  has  been  described  by  Professor 
Jukes  in  the  cluster  of  cones  which  have  been  built  up 
inside  the  great  crater  of  the  Bromo  in  Java.    Mr.  Jukes 

^  **  Principles  of  Geology,"  tenth  edition,  vol.  i  p.  344. 
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says : '  "  One  thing  whicli  struck  me  particularly  in  this 
central  group  of  cones  (in  the  crater  of  the  Bromo)  was, 
that  the  one  in  action  was  perfectly  smooth  and  regular 
outside,  like  a  loaf  of  sugar,  while  those  that  had  shortly 
ceased  to  eject  materials  showed  the  irresistible  progress  of 
denudation  in  the  commencement  of  rain-gullies  radiating 
down  their  slopes.  Those  that  were  still  older,  as  proved 
by  young  trees  having  commenced  to  grow  on  their  flanks, 
had  these  gullies  much  deeper  and  broader,  so  that  they 
began  to  show  narrow  ridges,  separated  by  small  ravines 
radiating  from  the  summit,  like  the  ribs  of  a  half -opened 
umbrella,  as  described  by  Junghun,  when  speaking  of  the 
outer  slopes  of  the  greater  mountains." 

In  the  same  way,  the  outer  slopes  of  the  volcanoes  in  the 
South  Pacific,  described  by  Dana,  are  worn  down  to  the  con- 
dition of  narrow  ridges,  with  very  steep  walls,  separated  by 
flat-bottomed  valleys,  which  gradually  contract  towards 
the  interior ;  and  at  the  head  of  each  valley  may  be  seen  a 
little  rill  of  water  leaping  from  crag  to  crag,  still  carry- 
ing on  the  work  of  erosion  for  which,  except  ii^  times  of 
flood,  it  seems  so  utterly  inadequate. 

It  is  not  the  mere  force  and  impact  of  the  descending 
water  which  gives  a  stream  this  excavating  power ;  it  is 
the  quantity  of  detritus,  large  and  small,  which  it  carries 
along  and  hurls  against  the  sides  and  bottom  of  its  channel. 
The  fine  sand  and  mud  which  the  rain  washes  off  the  sur- 
face of  the  land,  are  the  initial  instruments  of  erosion ;  but 
in  rapid  streams  and  mountain  torrents,  the  stones  and 
pebbles  which  are  rolled  along  the  bottom,  as  well  as  the 
sand  and  mud  which  are  held  in  mechanical  suspension, 
all  help  in  the  process  of  erosion.  This  process  is  there- 
fore one  of  mechanical  wear ;  the  tools  are  pebbles,  sand, 
and  mud,  the  effective  force  which  moves  them  is  that  of 
running  water. 

Vertical  Erosion. — The  erosive  action  of  mountain 
torrents  can  hardly  fail  to  be  perceived  by  anyone  who 
visits  them  and  observes  the  beds  of  their  narrow  channels. 
These  exhibit  smooth  grooves  and  cuts  even  in  the  hardest 
rocks,  which  are  obviously  due  to  attrition ;  while  vertical 

^  "  Manual  of  Geology,"  third  edition,  p.  353. 
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pits,  called  pot-holes,  several  feet  in  depth,  are  of  ten  formed 
in  such  rock  bj  the  whirling  action  of  water  keeping  a  few 
pebbles  or  a  little  coarse  sand  in  perpetual  circular  motion. 
Cascades  and  waterfalls  dig  deep  holes  and  black  pools 
below  the  ledges  over  which  they  fall ;  these  ledges,  indeed, 
are  often  undermined  by  the  dashing  water,  and  are  broken 
off,  block  by  block,  so  that  the  cataract  recedes  farther  and 
farther  back ;  while  a  deep  ravine  is  left  in  front,  extending 
from  the  present  falls  to  the  point  where  they  originally 
commenced.  Niagara  is  an  excellent  instance  of  such 
erosion,  the  gorge  below  the  cataract  being  seven  miles  in 
length  from  the  original  site  of  the  falls  above  Queens- 
town  to  their  present  position;  and  the  present  rate  of 
their  recession  has  been  recently  estimated  at  about  three 
feet  per  annum. 

Pot-holes  and  waterfalls  illustrate  the  excavating  power 
of  running  or  falling  water  when  its  action  is  concentrated 
on  one  spot,  but  similar  wear  and  tear  distributed  over  a 
certain  length  of  the  channel  will  deepen  it  in  the  same 
way. 

Lateral  Erosion. — Mr.  J.  Fergusson  has  defined  a 
river  as  a  body  of  water  in  unstable  equilibrium,  whose 
normal  condition  is  that  of  motion  down  an  inclined  plane ; 
and  he  says,  if  all  inequalities  of  surface  and  of  soil  could 
be  removed,  it  would  flow  continuously  in  a  straight  line, 
"  but  any  inequality  whatever  necessarily  induces  an  oscil- 
lation, and  the  action  being  continuous,  the  effects  are 
cumulative,  and  the  oscillation  goes  on  increasing  till  it 
reaches  the  mean  between  the  force  of  gravity  tending  to 
draw  it  in  a  straight  line,  and  the  force  due  to  the  obstruc- 
tion tending  to  give  it  a  direction  at  right  angles  to  the 
former."  *  The  result  is  a  series  of  curves  which,  in  a 
homogeneous  soil,  would  bear  definite  relations  to  the 
volume  of  water  and  the  gradient  of  the  channel. 

It  may  be  stated  in  general  terms  that  where  the  slope 
is  steep  the  stream  will  tend  to  run  in  a  nearly  straight 
line ;  and  where  the  slope  is  slight,  a  stream  will  always 

^  **  Qaart.  Joorn.  Geol.  Soc."  vol.  xix.  p.  322.  He  proceeds  to 
lay  down  certain  laws  of  curvature  which,  however,  are  not  prac- 
tically applicable,  though  no  doubt  where  other  things  are  equiJ  a 
large  river  makes  a  larger  curve  than  a  smaller  river  would. 


:^ 
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take  a  very  winding  course.  It  is  also  true  that  there  is  a 
point  in  the  descent  of  everj  stream  where  it  ceases  to  cut 
vertically,  and  is  occupied  in  cutting  laterally.  No  rule 
can  be  given  about  the  position  of  this  point,  because  it  is 
determined  by  the  velocity  of  the  current,  and  this  varies 
with  the  state  of  the  river ;  and  some  streams  may  begin 
to  cut  laterally  before  they  cease  to  cut  vertically ;  but  for 
a  given  stream  at  a  given  time,  the  place  of  change 
might  be  approximately  determined  by  observation  and 
the  gradient  noted. 

Wherever  a  river  cuts  laterally,  and  not  vertically,  it  is 
continually  changing  its  channel,  and  always  leaves  a  flat 
of  deposited  detritus  over  the  portion  of  its  channel  which 
it  has  deserted.  The  result  of  this  is  to  cut  out  a  broad 
space,  and  to  form  a  wide  flat-bottomed  valley,  the  width 
of  which  is  generally  proportional  to  the  volume  of  the 
river.  When  the  river  is  in  flood,  it  covers  the  whole  of 
the  flat,  which  is  often  called  the  flood  plain,  but,  when  the 
water  is  low,  the  stream  winds  about  within  this  flood  plain. 

After  winding  in  a  flood  plain  for  a  certain  distance,  a 
river  may  reach  a  part  of  its  course  where  the  gradient  is 
steeper,  and  will  then  resume  the  power  of  deepening  its 
channel.  Hence  many  rivers  run  through  an  alternating 
succession  of  deep-cut  gorges  and  wide  open  valleys ;  but 
the  subject  of  valley-making  will  be  discussed  more  fully 
in  Part  III.  of  this  volume. 

It  must  not  be  supposed,  however,  that  the  depth  and 
width  of  a  valley  depend  only  on  the  volume  and  velocity 
of  the  stream  ;  as  long  as  the  rocks  through  which  it  makes 
its  way  are  of  the  same  kind  and  degree  of  hardness,  its 
erosive  effect  will  be  chiefly  regulated  by  these  conditions. 
But  where,  as  usually  happens,  the  valley  traverses  a  series 
of  different  strata,  its  width  and  depth  will  vary  according 
to  the  hardness  and  ability  of  each  stratum  to  resist  the 
erosive  action  of  the  stream,  and  the  detritive  power  of 
rain. 

In  a  humid  climate  like  that  of  England  and  of  northern 
Europe  generally,  and  in  districts  where  the  rocks  are  com- 
paratively soft,  the  valleys  are  broad  and  open,  with  gently 
sloping  sides,  and  the  hills  have  rounded  outlines  forming 
binomial  curves. 
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These  features  are  due  to  the  disintegrating  and  detritive 
effects  of  ndn  on  the  vallej-sides ;  the  action  of  rain  and 
frost,  already  described,  causes  the  banks  to  crumble  and 
moulder  down,  and  every  heavy  shower  of  rain  washes 
some  of  the  soil  so  produced  into  the  stream  below,  by 
which  it  is  carried  away  to  be  deposited  elsewhere. 

In  such  districts,  therefore,  rain  has  as  much  to  do  with 
the  formation  of  valleys  as  the  rivers  have,^'  and  the  valleys 
which  are  formed  by  the  combined  influence  of  these  two 
agencies  are  always  widely  Y-shaped,  the  sides  sloping  at  a 
less  angle  in  proportion  as  the  rocks  are  soft  and  the  rain- 
fall great. 

On  the  contrary,  where  the  rocks  are  hard,  the  erosive 
action  of  the  stream  tends  to  excavate  narrow  steep-sided 


Fig.  35.    Erosion  of  VaUeys. 
a,  hard  rock.  b,  soft  shale. 

valleys  or  U-shaped  gorges,  the  sides  of  which  approach 
the  vertical  in  proportion  as  the  rock  is  hard  and  tiie  local 
rainfall  is  small. 

In  places  where  a  softer  kind  of  rock  rests  upon  a  harder 
one,  the  valley  will  present  a  combination  of  the  two  forms 
as  represented  in  fig.  35. 

When  the  banks  are  soft  and  easily  eroded,  and  the  velo- 
city of  the  stream  is  small,  the  conditions  are  most  favour- 
able for  lateral  erosion,  and  a  wide,  flat-bottomed  valley, 
filled  with  alluvial  detritus,  is  the  result.  This  is  well 
exemplified  by  the  lower  part  of  the  valley  of  the  Missis- 
sippi, where  the  stream  has  lost  all  power  of  vertical 
erosion,  and  pursues  its  meandering  course  through  an 
alluvial  plain  of  its  own  formation,  which  varies  from  60 
to  80  miles  in  width. 

>  See  «*Rain  and  Rivers,"  by  Col.  G.  Greenwood,  1875. 
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Rapidity  of  Erosion. — ^Prom  what  has  already  been 
stated,  it  will  be  seen  that  the  erosive  power  of  any  stream 
— t.e.  the  quantity  of  material  which  it  can  remove  from 
its  valley — depends  upon  four  circumstances — 

1.  The  volume  of  water,  depending  upon  the  annual 
rainfall,  frequency  of  floods,  and  the  porosity  of  the 
soil ; 

2.  The  velocity  of  stream,  depending  on  the  volume  of 
water,  and  the  slope  of  the  watercourse  ; 

3.  The  character  of  the  rocks  through  which  it  flows ; 

4.  The  load  or  quantity  of  detritus  which  it  carries. 

In  considering  the  work  done  by  rivers  we  must  always 
remember  that  the  running  water  is  only  the  motive  power, 
and  that  the  instrument  which  really  does  the  work  is  the 
sand  and  mud  carried  along  by  the  water.  A  perfectly 
clear  stream  running  over  a  bottom  of  pebbles  which  it 
does  not  move  is  doing  no  work  at  all ;  it  is  only  when 
loaded  with  detritus  that  it  becomes  such  a  powerful  agent 
of  erosion. 

The  facts  previously  stated  show  how  much  the  capacity 
of  a  stream  for  lifting  and  carrying  stones  is  increased  by 
a  slight  increase  of  velocity,  and  their  power  of  erosion 
must,  of  course,  be  correspondingly  increased.  Mr.  A. 
Tylor  has  stated  that  the  erosive  force  of  a  stream  increases 
as  the  fourth  power  of  the  increase  of  velocity.^  If  this  is 
correct,*  and  his  law  of  increase  of  velocity,  previously 
cited,  is  also  valid,  the  result  may  be  stated  as  follows : — 

Supposing  a  sudden  rainfall  to  take  place  in  the  catch- 
ment area  of  a  river,  increasing  the  volume  of  the  stream 
to  eight  times  its  usual  quantity,  the  velocity  would  be 
doubled  and  the  river  would  have  16  times  its  ordinary 
erosive  force ;  if  the  voltime  was  increased  27  times,  the 
river  would  flow  with  8  times  the  velocity,  and  with  81 
times  its  former  erosive  force.  This  explains  the  astonish- 
ing effects  of  rivers  in  times  of  flood.  Large  boulders  are 
then  moved,  stones  and  pebbles  are  driven  against  the  sides 

1  "  GeoL  Mag."  Dec.  2,  voL  ii  p.  469. 

'  It  is  confirmed  by  Le  Conte,  "Geol.  Maf^."  Dec.  2,  vol.  ix. 
p.  288,  who  points  out  that  in  erosion  the  resistance  to  be  over- 
come is  cohesion,  not  weight,  and  thinks  the  power  of  removal  will 
vary  between  i^  and  t;*,  so  that  it  is  probably  often  as  t^. 
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and  bottom  of  the  channel,  and  the  whole  work  of  attrition 
and  excavation  is  carried  on  with  greatly  intensified  force. 

Sir  Charles  Ljell  remarks:  "It  is  evident,  therefore, 
that  when  we  are  speculating  on  the  excayating  force  which 
a  river  may  have  exerted  in  any  particular  valley,  the  most 
important  question  is,  not  the  volume  of  the  existing  stream, 
nor  even  the  nature  of  the  rocks,  but  the  probability  of  a 
succession  of  floods  at  some  period  since  the  time  when  the 
valley  may  have  been  first  elevated  above  the  sea." ' 

In  temperate  regions  these  are  exceptional  occurrences ; 
but,  in  tropical  countries,  floods  are  of  constant  occurrence 
during  the  rainy  season ;  consequently  the  erosive  power 
of  the  streams  is  enormously  increased,  and  all  the  results 
of  detrition  are  on  a  much  larger  scale.  As  this  is  a  fact 
which  European  geologists  do  not  always  realize,  we  adduce 
the  testimony  of  one  whose  experience  well  qualified  him 
to  express  an  opinion  on  the  subject : ' — **  In  the  British 
Islands,  the  average  rainfall  is  about  24  inches,  distributed 
over  the  greater  portion  of  the  year.  In  India  it  averageg 
about  50  inches,  by  far  the  greater  portion  of  which  falls  in 
three  months.  The  showers  are  far  heavier,  and  far  more 
effective  in  sweeping  soil,  sand,  and  pebbles  from  the  sur- 
face of  the  coimtry  into  the  streams ;  and  floods  in  the 
latter  are  of  annual  occurrence,  instead  of  only  happening 
at  rare  intervals.  The  effect  of  a  river  in  full  flood,  in 
sweeping  detritus  down  into  the  sea,  compared  with  the 
usual  denudating  action,  is  as  the  comparison  of  the  effect 
produced  by  the  breakers  of  the  ocean  in  a  storm  to  those 
of  an  inlana  sea  on  an  ordinarily  fsAr  day. 

''  In  flood,  a  river  is  liquid  mud,  rather  than  water.  But, 
in  addition  to  the  great  floods,  minor  floods  in  tropical 
streams  are  matters  frequently  of  daily  occurrence  during 
the  rainy  season.  After  seeing,  both  in  Lidia  and  Abyssinia, 
what  the  effects  of  these  agents  are  in  tropical  countries,  I 
do  not  feel  surprised  that  their  powers  should  be  recognized 
with  difficulty  in  regions  where  their  effects  are  compara- 
tiyely  so  dwarfed  as  in  the  British  Isles." 

Heavy  and  destructive  floods  however  do  sometimes 


^  **  Prinoiples  of  Geology,"  tenth  edition,  vol.  i.  p.  354. 
'  Blanfora,  '*  Geology  and  Zoology  of  Abyssinia,    p.  157, 


note. 
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occur  in  Europe  and  the  British  Isles,  and  others  have 
been  caused  by  the  bursting  of  reservoirs,  and  though  this 
is  not  a  natural  cause,  the  results  are  of  the  same  kind. 
The  following  instances  will  enable  the  reader  to  realize 
these  results  more  fully. 

1.  Professor  Green  mentions  some  results  of  a  flood 
which  was  caused  by  the  bursting  of  a  reservoir  near  Shef- 
field, in  1864.  He  says :  **  At  sharp  bends  in  the  valley, 
where  the  water  had  impinged  on  projecting  spurs  of  the 
bank,  or  where  it  had  been  driven  into  a  recess,  it  had  ex- 
cavated in  the  solid  sandstone  rock  large  hollows,  which 
anyone,  who  was  not  aware  of  the  circumstances  of  the 
case,  would  have  supposed  to  be  quarries.  Many  acres  of 
meadow-land  were  deeply  buried  beneath  heaps  of  d^ris, 
consisting  mainly  of  large  angular  blocks  of  rock,  which 
the  torrent  had  torn  off  from  the  banks  as  it  rushed 
along." ' 

2.  Sir  Charles  Lyell  has  described  the  destruction  worked 
at  Tivoli  by  the  waters  of  the  Tiber,  after  heavy  rains,  in 
1826.  The  stream  burst  its  usual  bounds,  and,  impinging 
on  its  right  bank,  had,  in  the  course  of  a  few  hours,  under- 
mined a  high  cliff,  and  widened  its  channel  by  about 
40  feet.  The  church  of  St.  Lucia,  and  about  thirty-six 
houses  of  the  town  of  Tivoli,  were  carried  away,  presenting, 
as  they  sank  into  the  flood,  a  terrific  scene  of  destruction 
to  the  spectators  on  the  opposite  bank."  ^ 

3.  Lyell  also  mentions  the  Alpbach,  a  torrent  which  falls 
over  a  cascade  near  Meyringen  in  Switzerland,  and  is  liable 
to  violent  floods,  by  one  of  which  the  town  was  nearly 
washed  away.  "  This  mischief  happens  after  long  droughts, 
when  the  sun  has  had  great  power  on  the  slate  rocks  above, 
and  caused  them  to  crack  and  decompose.  Those  who  have 
not  witnessed  it  cannot  conceive  the  strength  of  water 
charged  with  this  black  powder.  The  rocks  seemed  actually 
to  float  in  it,  and  a  trifling  depth  of  it  was  pushing  heavy 
bodies  along." '  % 

4.  Floods  in  Scotland,  1829. — Many  illustrations  of  the 

*  See  Prestwich,  in  "  Quart.  Joum.  Geol.  Soc."  viii  p.  224. 
^  "  Principles  of  Oeology,"  tenth  edition,  vol.  i  p.  366. 

*  «*  Life  of  Sir  Charles  LyeU,"  vol.  L  p.  85. 
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power  of  rivers  to  move  stones,  and  deepen  or  widen  their 
valleys,  were  afforded  by  the  floods  which  followed  the 
storm  of  the  3rd  and  4th  of  August,  1829.  The  effects 
were  particularly  apparent  in  Aberdeenshire.  Bridges  and 
roads  were  swept  away,  and  great  accumulations  of  stones 
and  blocks  of  rock  were  left  on  the  surface  of  fields,  many 
feet  above  the  ordinary  level  of  the  rivers.  "  Some  new 
ravines  were  formed  on  the  sides  of  mountains  where  no 
streams  had  previously  flowed ;  and  ancient  river-channels, 
which  had  never  been  filled  from  time  immemorial,  gave 
passage  to  a  copious  flood." 

Instances  of  River  Erosion. — ^Having  in  the  pre- 
ceding pages  indicated  the  manner  in  which  streams  exca- 
vate  and  widen  their  channels,  and  the  causes  which  assist 
rivers  in  forming  the  valleys  they  occupy,  we  shall  now 
describe  several  cases  in  which  it  is  clear  that  ravines  and 
valleys  have  been  formed  by  rivers.  The  ravine  at  Mil- 
ledgeville,  described  by  Lyell,  and  mentioned  on  p.  136,  is 
an  instance  of  the  excavating  power  of  a  stream  formed  by 
the  concentration  of  rills  of  rain-water.  The  observations 
of  Professor  Jukes,  in  Java,  furnish  us  with  -an  equally 
convincing  example. 

The  following  are  cases  of  river- valleys  where  the  exca- 
vating power  of  running  water  is  very  clearly  shown. 

1.  Gorge  of  the  8imeto, — ^Near  the  town  of  Ademo,  where 
the  river  Simeto  passes  the  western  base  of  Etna,  a  current 
of  lava  has  descended  into  the  valley,  and,  in  so  doing, 
must  have  completely  blocked  up  the  course  of  the  river. 
This  took  place,  according  to  Gemmellaro,  in  the  year 
1603.  <  Through  this  lava,  which  solidified  into  a  hard, 
blue  compact  rock,  resembling  ordinary  basalt,  the  Simeto 
has  excavated  a  ravine  from  40  to  50  feet  deep,  and  from 
50  to  several  hundred  feet  wide.  Sir  Charles  Lyell  thus 
describes  the  scene  in  1828:  "On  entering  the  narrow 
ravine,  we  are  entirely  shut  out  from  all  view  of  the  sur- 
rounding country ;  and  a  geologist,  who  is  accustomed  to 
associate  the  chanu^teristic  features  of  the  landscape  with 
the  relative  age  of  certain  rocks,  can  scarcely  dissuade  him- 
self from  the  belief  that  he  is  contemplating  a  scene  in 
some  rocky  gorge  of  very  ancient  date.  But  the  moment 
we  reasoend  the  cliff,  the  spell  is  broken  .  .  .  for  we  stand 
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on  the  black  and  rugged  surface  of  a  vast  current  of  lava, 
which  seems  unbroken,  and  which  we  can  trace  nearly  up 
to  the  distant  summit  of  that  majestic  cone  which  Pindair 
called  the  *  pillar  of  heaven.*  "  * 

This  ravine,  therefore,  has  been  eroded  by  the  stream  in 
the  course  of  about  two  centuries ;  but,  as  Lyell  observes, 
it  has  not  yet  cut  down  to  the  ancient  bed  of  which  it  was 
dispossessed,  and  the  probable  position  of  which  he  indi- 
cates in  a  diagram. 

2.  Valleys  of  Auvergne. — What  has  happened  once  in  the 
case  of  the  Simeto  has  happened  several  times  in  many  of 
the  vaUeys  of  Central  France.  These  valleys  have  been 
excavated  to  a  great  depth  through  strata  of  fresh- water 
origin,  and  have  been  flooded  from  time  to  time  by  streams 


Fig.  36.    Diagram  Section  across  Valley  of  Chanonat,  Auvergne. 

a,  the  Gergovia  platform,    b,  Hhe  La  Serre  platform,    d,  the 

Chanonat  gorge. 

• 

of  liquid  lava  from  the  neighbouring  heights.  Each  suc- 
cessive lava-flow  must  necessarily  have  occupied  the  lowest 
levels  to  which  it  had  access ;  but  they  now  form  terraces 
or  platforms  at  various  heights,  from  1,500  feet  downwards 
to  the  level  of  the  present  watercourses.  These  valleys 
were  originally  described  by  Mr.  Poulett  Scrope,  who  says :  * 
"  Take,  for  instance,  the  two  basaltic  platforms  of  Gergovia 
and  Jja  Serre,  and  the  bed  of  basalt  which  occupies  the 
bottom  of  the  intervening  valley  of  Chanonat.  Here  are 
three  long  sheets  of  lava,  each  of  which,  by  its  gradual 
inclination  in  the  same  direction,  and  by  the  remains  of 
the  volcanic  vent  from  which  it  was  erupted,  is  proved  to 

^  "  Principles  of  Geology,'*  tenth  edition,  vol.  i  p.  358. 
>  '*  The  Volcanoes  of  Auvergne,''  1825,  and  <<  Geol.  Mag."  voL  iii 
p.  105. 

L 


146  DYNAMICAL  GEOLOGY.  [SKC.  II. 

have  flowed  down  the  valley."  The  platform  of  La  Serre 
is  everywhere  from  300  to  500  feet  below  that  of  G^ergovia, 
and  the  valley  must  have  been  deepened  by  that  depth 
during  the  interval  between  the  two  outflows.  Again,  by 
the  same  reasoning,  the  valley  of  Chanonat  must  have  been 
entirely  excavated  between  the  epoch  of  the  La  Serre  lava 
and  the  production  of  the  more  recent  bed  of  basalt,  500 
feet  below.  Finally,  the  Chanonat  rivulet  has  worn  a  new 
channel,  from  20  to  50  feet  below  the  level  of  the  pebble 
bed  on  which  the  most  recent  of  the  three  lava  currents 
reposes  (see  fig.  36). 

From  this  and  numerous  other  instances,  he  justly  con- 
cludes that  "  the  erosive  force  of  the  streams  which  now 
border  or  intersect  these  lava  currents,  together  with  the 
action  of  rain,  frost,  and  other  atmospheric  forces,  have 
alone  hollowed  out  ihe  extensive  systems  of  valleys  "  which 
are  found  in  the  province  of  Auvergne.  Floods  doubtless 
occurred  from  time  to  time,  and  materially  assisted  in  the 
erosion ;  but  it  is  very  clear  that  these  valleys  do  not  owe 
their  origin  to  any  one  imusual  or  cataclysmal  flood,  or  to 
any  sudden  disruption  of  the  rocks. 

Sir  A.  Gkikie  has  so  excellently  described  the  impression 
which  the  valleys  of  Auvergne  make  upon  the  mind  of  a 
geologist,  that  I  venture  to  quote  several  passages  in 
fuU:— 

*'  No  one,  whose  observations  have  been  confined  to  a 
country  which  has  been  above  the  sea  only  since  the  glacial 
period,  or  the  contours  of  which  have  been  smoothed  over 
by  the  ice-sheets  of  that  time,  can  readily  form  an  adequate 
idea  of  the  denuding  effect  of  water  flowing  over  the  sur- 
face of  the  land.  .  .  .  The  first  impression  received  from  a 
landscape,  like  that  round  Le  Puy,  is  rather  one  of  utter 
bewilderment.  The  upsetting  of  all  one*s  previous  esti- 
mates of  the  power  of  rain  and  rivers  is  sudden  and  com- 
plete. It  is  not  without  an  effort,  and  after  having  analyzed 
the  scene,  feature  by  feature,  that  the  geologist  can  take  it 
all  in.  But  when  he  has  done  so,  his  views  of  the  effects 
of  subaerial  disintegration  become  permanently  altered, 
and  he  quits  the  district  with  a  rooted  conviction  that  there 
is  almost  no  amount  of  waste  and  erosion  of  the  solid 
framework  of  the  land,  which  may  not  be  brought  about 
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in  time  by  the  combined  influence  of  springs,  frost,  rain, 
and  rivers."  * 

3.  Valleys  of  the  Eifel, — The  country  of  the  Lower  Eifel, 
where  it  is  traversed  by  the  rivers  Rhine  and  Moselle, 
affords  another  excellent  instance  of  the  excavation  of 
valleys  by  river  erosion.  The  country  is  composed  of  beds 
of  hard  rock,  bent  and  inclined  in  various  directions,  and 
the  general  surface  forms  a  gently  undulating  table-land, 
about  1,000  or  1,200  feet  above  the  level  of  the  sea. 
Through  this  country  the  rivers  flow  at  the  bottom  of  deep 
and  winding  valleys,  forming  the  magnificent  curving 
slopes  which  are  the  chief  feature  in  the  scenery  of  the 
district.  This  is  particularly  striking  in  the  case  of  the 
Moselle,  which  works  its  way  in  so  tortuous  a  course  that 
some  of  its  bends  form  loops,  and  curve  back,  so  as  to 
leave  but  a  narrow  ridge  between  the  two  reaches  of  the 
river.  This  singularly  winding  valley  is  both  narrow  and 
deep,  being  closely  environed  by  steep,  precipitous  banks, 
800  to  1,000  feet  in  height ;  and  between  their  opposing 
bases,  there  is  frequently  no  more  room  than  is  just  suffi- 
cient for  the  river  itself. 

The  country  on  either  side  is  furrowed  by  numerous 
naarrow  ravines,  with  steep  and  often  precipitous  sides, 
which  cut  down,  as  they  near  the  Moselle,  to  depths  of  600 
or  800  feet  below  the  surface  of  the  plain,  and  curve  from 
side  to  side  in  equally  sinuous  courses. 

The  only  explanation  which  can  be  given  of  such  a 
wonderful  system  of  valleys  is  that  the  streams  originally 
ran  over  the  surface  of  the  plain,  and  have  constantly  main- 
tained the  winding  courses  of  their  early  channels,  gradually 
engraving  them  deeper  and  deeper  into  the  land,  as  the 
work  of  erosion  and  excavation  proceeded.  The  action  of 
rain  has  been  co-extensive  with  that  of  the  streams,  wear- 
ing down  the  valley  sides,  and  widening  them  into  the  shape 
they  now  possess. 

4.  The  most  wonderful  instances,  however,  of  the  erosive 
power  of  rivers  are  to  be  found  in  the  deep  and  trench-like 
valleys  of  the  Western  States  of  North  America. 

The  Colorado  is  formed  by  the  imion  of  the  Green  and 

.  ^  '<  Geological  Sketches,"  by  A.  Geikie,  1882,  pp.  93,  121. 
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Grand  Eivers,  but  the  Green  River  may  be  regarded  as  the 
continuation  of  the  main  stream.  This  rises  in  Wyoming, 
and  is  joined  by  the  Grand  in  Utah,  whence  the  Colorado 
runs  through  Utah  and  Arizona  to  the  Gulf  of  California. 
The  Uinta  Mountains  are  traversed  by  the  Green  Eiver  in 
a  double  series  of  gorges  (or  canons),  the  deepest  parts  of 
which  have  walls  from  2,000  to  2,500  feet  high.  Then,  after 
running  through  a  more  open  valley,  the  river  traverses 
three  great  inclined  plateaux,  in  a  series  of  canons  which 
have  received  the  names  of  Desolation,  Gray,  and  Labyrinth 
Canons.  It  then  enters  Stillwater  Canon,  and  in  this, 
more  than  1,200  feet  below  the  general  surface  of  the 
country,  the  Green  and  Grand  Rivers  unite  their  waters. 

The  Colorado,  below  this  junction,  at  once  enters  Cata- 
ract Canon,  and  proceeds  through  a  still  more  wonderful 
and  gigantic  series  of  gorges,  which  have  received  the  names 
of  Glen  Canon,  Marble  Canon,  and  Grand  Canon.  Glen 
Canon  is  149  miles  long,  but  is  not  very  deep ;  Marble 
Canon  is  only  200  feet  deep  at  its  head,  but  steadily  in- 
creases in  depth,  till  near  the  lower  end  its  walls  are  3,500 
feet  high,  and  present  a  magnificent  set  of  precipices,  which 
in  some  parts  are  nearly  vertical. 

The  Grand  Cafion  is  about  220  miles  long,  and  is  really 
a  valley  within  a  valley,  consisting  of  an  upper  trough  or 
depression  eight  to  ten  miles  wide,  with  a  level  floor  and 
precipitous  sides  about  1,000  feet  high,  and  an  inner  gorge 
or  canon  which  varies  in  depth,  but  is  in  several  places 
from  4,000  to  5,000  feet  deep,  its  wails  being  a  succession 
of  vertical  precipices  broken  only  by  short  steep  talus- 
slopes.  One  of  the  deepest  and  finest  parts  of  this  canon 
is  represented  in  fig.  37.  The  country  on  both  sides  of 
this  enormous  ravine  is  channelled  bv  innumerable  narrow, 
deep,  and  winding  cafions,  all  similar  in  their  general 
characters,  and  each  one  occupied  by  a  tributary  of  the 
main  river. 

These  extraordinary  ravineM  have  been  cut  down  through 
horizontal  or  gently-inclined  beds  of  sandstone,  shale,  and 
limestone,  and  into  the  granite  which  underlies  them,  the 
limestones  being  especially  hard  and  massive,  with  an 
aggregate  thickness  of  from  2,200  to  2,500  feet.  The 
shales  and  sandstones  lie  above  these  limestones,  and  it  is 
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these  beds  which  have  been  cut  back  so  as  to  leave  the 
broad  shelf  or  plain  on  either  side  between  the  edges  of  the 
central  ravine  and  the  lines  of  cliff  which  bound  the  upper 
part  of  the  valley.  The  outline  of  the  whole  vallej  is  then 
similar  to  that  in  fig.  35,  only  that  the  edges  of  the  upper 
portion  are  not  sloping,  but  nearly  vertical '^ 

The  reason  why  these  great  ravines  are  such  excellent 
instances  of  river  erosion  is  because  they  were  made  almost 
entirely  by  the  rivers  alone,  with  little  assistance  from 
any  other  detritive  agencies.  The  district  drained  by  the 
Colorado  and  its  tributaries  is  a  series  of  elevated  plateaux : 
and  there  is  little  doubt  that,  when  the  course  of  the  river 
was  first  determined,  the  country  stood  at  a  much  lower 
level,  and  the  tributary  streams  ran  in  channels  of  no  great 
depth.  The  canon  district  is  now  from  4,000  to  8,000  feet 
above  the  sea,  and  the  mountains  which  form  the  watershed 
rise  to  10,000  and  14,000  feet.  These  snow-clad  summits 
furnish  a  perpetual  supply  of  water,  which  on  reaching  the 
plateaus  above  the  canons  becomes  charged  with  sand  and 
mud. 

Two  circumstances  have  combined  to  maintain  the  verti- 
cality  of  the  canon  walls  during  the  process  of  erosion  :  the 
first  is  a  decrease  in  the  rainfall  of  the  caiion  district,  for 
at  the  present  time  it  is  practically  rainless,  and  we  have 
seen  that  gorges  are  steep  and  narrow  in  proportion  as  the 
rocks  are  hard  and  the  rainfall  small ;  secondly,  the  beds 
through  which  they  are  cut  are  for  the  most  part  horizontal, 
or  very  gently  inclined,  and  are  traversed  by  strong  vertical 
planes  of  jointing,  so  that  they  break  away  naturally  in 
vertical  lines. 

The  conditions  which  have  enabled  rivers  to  cut  their 
way  through  what  are  now  ridges  and  mountains,  the 
forces  which  retard  or  increase  their  power  of  erosion,  and 
the  limits  which  are  set  to  their  action,  are  matters  that 
will  be  discussed  in  the  third  portion  of  this  volume. 

*  For  descriptions  and  illustrations  of  these  cafions,  see  **  Ex- 
ploration of  the  Colorado  River,"  by  Ives  and  Newberrj',  1861,  and 
the  later  "Memoirs"  by  J.  W.  Powell,  1875,  and  C.  E.  Dutton, 
1882. 
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CHAPTER  rX. 

FLUYIATILB     AGENCIES. 

2, — Action  of  Olaeiers. 

FORMATION  of  Glaciers.— On  high  mountains 
and  in  high  latitudes,  as  in  Greenland  or  Lapland, 
the  water  precipitated  from  the  atmosphere  falls  as  snow 
instead  of  rain.  This  occurs  even  in  the  Torrid  Zone  wher- 
ever the  land  exceeds  an  altitude  of  15,000  or  16,000  feet 
above  the  sea,  and  in  all  other  latitudes  at  a  less  height  in 
proportion  to  their  distance  from  the  Toriid  Zone.  Li  the 
Alps  the  snow-line  in  summer  occurs  at  a  height  of  8,800 
feet  above  the  sea.  Near  the  North  and  South  Poles  it 
comes  down  to  the  level  of  the  sea.  In  regions  of  perpetual 
snow  even  the  hottest  summer's  sun  fails  to  melt  all  the 
snow  that  falls  in  a  year,  hence  there  is  a  continual  accu- 
mulation of  it,  and,  if  there  were  no  way  of  getting  rid  of 
it,  all  the  water  in  the  world  would  be  eventually  trans- 
ferred to  these  regions  and  remain  there  in  a  soUd  form. 
There  is,  however,  a  drainage  from  these  snow-covered 
regions  by  means  of  glaciers,  just  as  there  is  a  drainage 
from  other  regions  by  means  of  brooks  and  rivers.  The 
lower  part  of  all  perpetual  snow  is  being  constantly  con- 
verted into  ice ;  the  weight  of  the  superincumbent  mass 
forces  out  the  air  from  between  the  snow-flakes  and  binds 
them  together,  just  as  a  snowball  is  made  harder  by  the 
pressure  of  the  hand.  This  firm,  granular  kind  of  snow  is 
known  as  nSve  or  fim,  and  as  it  is  pushed  down  the  moun- 
tain slopes  it  passes  into  a  kind  of  soft  ice,  partly  in  con- 
sequence of  the  pressure  from  above,  and  partly  from  the 
alternate  melting  and  freezing  of  the  surface  layers :  the 
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Biiii  melts  the  surface  in  the  daytime,  and  the  water  so 
formed  percolates  down  into  the  mass  and  becomes  frozen 
again  below. 

The  ice  thus  formed  is  graduallj  pushed  down  into  the 
Tallejs,  along  which  it  continues  to  travel  in  the  form  of 
ice-rivers  or  glaciers.  The  glaciers  of  the  Alps  are  some- 
times as  much  as  600  feet  in  depth,  and  thej  fill  the 
valleys  for  many  miles  below  the  snow-line,  till  they  come 
down  to  a  level  of  about  3,500  feet  below  it,  where  they 
terminate,  in  consequence  of  the  ice  melting  into  water  and 
proceeding  as  a  brook  or  a  river.  In  the  New  Zealand  Alps, 
where  the  summer  snow-line  is  at  about  5,000  feet,  the 
glaciers  on  the  Mount  Cook  range,  near  lat.  44,  descend  to 
about  2,300  feet  on  the  eastern  side,  and  one  on  the  western 
side  comes  down  to  within  670  feet  of  the  sea,  discharging 
its  load  of  debris  in  the  midst  of  a  sub-tropical  vegetation.^ 
In  high  latitudes,  where  the  snow-line  is  near  the  sea- 
level,  the  ice  is  pushed  into  the  sea,  and  the  portions 
which  break  off  from  time  to  time  are  floated  off  as 
icebergs. 

Movement  of  Glaciers. — GHaciers  creep  along  their 
beds  at  a  rate  which  varies  with  the  supply  of  ice,  the 
slope  of  the  valley,  and  the  season  of  the  year,  but  their 
movement  is  seldom  so  rapid  as  to  be  perceptible  without 
careful  measurement.  Like  a  river,  the  ice  moves  faster  in 
the  centre  than  near  the  sides,  and  the  surface  layers  move 
faster  than  the  lower  portions,  and  the  whole  moves  as  if  it 
were  a  plastic  or  viscous  body.  The  lower  parts  of  the 
Swiss  glaciers,  where  the  gradient  is  not  steep,  only  move 
at  the  rate  of  one  or  two  feet  in  24  hours  ;  thus  the  Mer  de 
Glace  in  summer  moves  at  an  average  rate  of  27  inches  a 
day  in  the  centre,  and  from  13  to  19  inches  a  day  near  the 
sides  ;  in  the  winter  the  rates  are  only  about  half  as  much. 
Where  slopes  are  very  steep  ice-falls  are  formed,  the  ice 
descending  in  huge  steps  or  slices,  with  long  fissures  or 
crevasses  between,  but  on  reaching  a  gentler  slope  the 
fissures  close  and  are  frozen  together  again.  Such  ice-falls 
are  frequent  in  Norway. 

Where  there  are  large  snow-fields,  and  the  glaciers  pass 

^  Green*B  ''  High  Alps  of  New  Zealand,"  1883,  p.  75. 
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down  fairly  steep  slopes,  their  movement  is  much  faster 
than  any  of  the  Swiss  glaciers.     Thus  at  Glacier  Bay,  in 
Alaska,  nine  large  and  seventeen  small  glaciers  unite  to 
form  an  ice-stream  which  has  a  front  of  5,000  feet  in 
y^ij^ width  and  a  depth  of  700  feet  where  it  enters  the  bay  : 
^        this  stream  moves  during  August  at  the  rate  of  70  feet  a 
ijt  day  in  the  middle,  and  1^  feet  near  the  sides. 

n  Transport  by  Glaciers. — We  have  seen  that,  in  the 

case  of  rivers,  two  processes  are  going  on  at  the  same  time, 
namely,  erosion  and  transportation ;  the  rivers  of  ice  per- 
form the  same  kind  of  work,  but  in  a  different  way. 
Wherever  a  glacier  passes  beneath  a  crag  or  cliff  of  rock  it 
receives  on  to  its  surface  a  continued  supply  of  blocks 
and  stones  which  are  detached  by  the  action  of  frost  and 
weathering,  described  on  p.  102.  A  line  of  such  rock-frag- 
ments may  generally  be  seen  at  each  side  of  the  glacier. 
Where  two  glacier-streams  unite  the  two  lines  of  tran- 
sported stones  on  their  adjacent  sides  come  together  and 
form  a  double  median  line  along  the  centre  of  the  glacier 
below  the  junction  of  the  two  valleys.  Thus,  if  a  glacier 
happen  to  have  many  important  tributaries  proceeding 
from  different  valleys,  and  uniting  to  form  one  large  ice- 
stream,  this  may  come  to  have  many  separate  lines  of  stones 
and  rubbish,  which  are  all  carried  along  to  the  place  where 
the  glacier  terminates.  Here  they  are  all  thrown  down, 
and  form  an  irregular  mound  or  pile  of  rough,  angular 
d^ris  mixed  with  earth,  which  in  Switzerland  is  called  a 
moraiTie.  This  term  is  also  applied  to  the  lines  of  stones 
on  the  glacier,  so  that  there  are  three  kinds  of  moraines, 
lateral^  medialf  and  terminal,     (See  fig.  38.) 

Very  large  blocks  of  rock  are  sometimes  transported  by 
glaciers  to  great  distances  from  their  parent  sources,  and  in 
those  countries  where  the  glaciers  were  once  larger  and 
longer  than  they  are  now,  such  blocks  are  found  scattered 
over  the  area  formerly  covered  by  the  ice  ;  they  are  often 
perched  on  eminences,  or  left  stranded  on  the  sides  of  a 
valley.  Bock-masses  found  in  such  positions  are  called 
perched  blocks  or  erratics,     (See  fig.  39.) 

Some  of  the  clearest  and  best-known  instances  of  the 
transport  of  such  blocks  are  found  in  Switzerland.  There 
was  a  time,  generally  known  as  the  Olacxal  Period,  when 
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and  sometiiiies  it  is  traversed  by  deep  cracks  or  clefts 
called  crevasses.  Many  stones  and  blocks  fall  down  these, 
others  are  picked  up  from  the  bed  of  the  glacier  and  get 
firmly  frozen  into  the  ice.  The  stones  thus  fixed  in  the 
under  surface  of  a  glacier  scratch  and  groove  and  wear 
away  the  rocks  over  which  they  are  moved,  and  are  also 
scratched  and  worn  themselves  by  the  hard  projections  of 
the  rocks  beneath.  One  result  of  this  action  is  the  produc- 
tion of  a  quantity  of  fine  mud  and  sand,  so  that  if  a  lump 
of  glacier  ice  is  dissolved  in  a  glass  of  water,  it  makes  the 
water  as  turbid  as  if  a  spoonful  of  milk  had  been  put  into 
it.  The  river  that  always  springs  from  the  end  of  a  glacier 
carries  away  all  this  mud,  and  flows  as  a  dirty  yellowish  or 
greenish  white  stream,  until  it  reaches  the  sea  or  some 
great  lake  in  which  the  sediment  may  be  deposited. 

It  must  not  be  assumed,  however,  that  all  the  mud  in 
the  stream  which  issues  from  the  end  of  a  glacier  is  the 
result  of  erosion  by  the  ice.  Some  of  it  is  earth  which  has 
fallen  onto  the  ice  with  the  stones  of  the  moraines,  and  in 
summer  there  are  always  streams  of  water  which  course 
over  the  surface  of  a  glacier  till  they  plunge  into  a  cre- 
vasse ;  frequently  also  springs  issue  from  the  rocks  below 
the  ice.  In  this  way  a  sub-glacial  river  comes  to  be  formed, 
which  flows  beneath  the  ice,  and  acts  like  other  rivers  in 
eroding  its  channel. 

One  marked  and  characteristic  result  of  the  grinding  and 
rasping  action  exercised  by  a  large  glacier  is  the  wearing 
and  rounding  off  of  all  the  prominences  over  which  it 
passes,  and  a  general  smoothening  and  polishing  of  the 
rocky  surfaces,  so  as  to  produce  a  peculiarly  moulded  out- 
line, which  is  quite  different  from  the  surface  features  pro- 
duced by  any  other  agency.  If  we  examine  a  valley  where 
the  glacier  once  extended  much  further  down  than  it  does 
now,  we  shall  find  that  the  ice  has  left  a  smoothened  sur- 
face of  rock,  rising  here  and  there  into  rounded  bosses  or 
hummocks,  which  have  a  smooth,  polished,  and  gently 
sloping  surface  on  one  side,  with  a  rougher  and  st,eeper 
slope  on  the  other ;  we  shall  also  notice  that  the  smoother 
faces  of  these  hummocks  all  look  up  the  valley  towards  the 
quarter  whence  the  moving  ice  came.  When  viewed  from 
a  distance  they  have  been  thought  to  bear  some  resem- 
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It  lias  eyeD  been  suggested  by  Sir  A.  Bamsaj  that  the 
rock  basins  in  which  many  lakes  lie  have  actually  been 
excavated  by  the  erosive  action  of  the  glaciers ;  on  this 
point,  however,  there  is  much  difference  of  opinion  among 
geologists;  and  none  of  the  facts  brought  forward  by 
Bamsay  in  support  of  his  view  can  be  regarded  as  proving 
its  truth.  Thus  it  is  a  fact  that  lakes  are  most  numerous 
in  those  countries  which  are  known  to  have  been  swept  by 
the  ice  of  the  Glacial  Period;  but  the  rock  basins  in  which 
these  lakes  lie  may  have  been  pre-existent,  and  have  simply 
been  cleared  out  by  the  glaciers  in  the  manner  just  de- 
scribed. The  fact  that  glacial  strisB  can  be  traced  through 
these  rock  basins  is  no  proof  that  the  ice  made  the  hol- 
lows. Lastly,  glaciers  probably  have  most  erosive  power 
where  the  ice  is  forced  through  narrow  defiles  and  down  v 
steep  slopes,  and  not,  as  Eamsay  imagined,  where  they  "^ 
impinge  on  gentle  slopes  or  plains. 

Actual  observations  seem  to  show  that  where  a  glacier 
reaches  a  level  space  it  does  not  exercise  any  erosive  power,  ^  ^ 
but,  if  it  is  advancing,  it  may  override  its  own  moraine,       ^ 
without  ploughing  through  it.    Professor  J.  W.  Spencer  has 
described  several  glaciers  in  Norway,  which,  though  ad-     -^ 
vancing,  are  not  doing  any  erosive  work.     He  found  that      0 
a  very  slight  ridge  of  rock  was  sufficient  to  divert  the  flow       * 
of  the  ice ;  and  that  large  stones,  instead  of  being  held      v 
fast,  and  used  as  grooving  tools,  often  left  a  groove  or   "^  t 
furrow  in  the  ice  which  had  passed  over  them.    It  must  be 
remembered,  however,  that  the  erosive  power  of  a  glacier 
must  be  greatest  where  the  ice  is  thickest  and  the  rate  of 
movement  greatest,  whereas  at  its  terminal  extremity  the 
ice  is  thin  and  the  movement  slow. 

Ice  Sheets. — In  Arctic  and  Antarctic  regions,  where  pre- 
cipitation is  always  in  the  form  of  snow,  and  the  summer 
sun  never  melts  all  the  winter  snow-fall,  the  snow  accumu- 
lates to  such  an  extent  as  to  cover  large  areas  of  land,  and 
to  form  massive  ice-sheets  which  may  be  several  thousand 
feet  thick. 

Greenland  is  covered  by  such  a  mantle  of  ice  and  snow, 
and  this  has  recently  been  traversed  from  one  coast  to  the 
other  by  Dr.  Nansen,  who  thus  describes  it :  "  The  ice- 
sheet  rises  comparatively  abruptly  from  the  sea  on  both 
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sides,  but  more  especially  on  the  east  coast,  while  its 
central  portion  is  nearly  flat.  On  the  whole  the  gradient 
decreases  the  further  one  gets  into  the  interior,  and  the 
mass  thus  presents  the  form  of  a  shield,  with  a  surface 
corrugated  by  gentle,  almost  imperceptible,  undulations, 
lying  more  or  less  north  and  south."  The  highest  part  is 
about  9,000  feet  above  the  sea,  and  rather  nearer  the  east 
coast  than  the  west.  How  far  this  ice-sheet  extends 
toward  the  north  is  not  yet  known ;  but  Dr.  Nansen  re- 
marks that  its  limit  must  lie  beyond  the  75th  parallel,  for 
so  far  along  the  west  coast  it  sends  huge  glacier  arms  into 
the  sea.  Among  these  is  XJpemivik  Glacier,  which  moves 
down  at  the  rate  of  99  feet  in  twenty-four  hours.  The 
thickness  of  this  ice-sheet  in  the  interior  cannot,  of  course, 
be  estimated ;  but  no  mountains  rise  above  it,  and  those 
parts  of  it  which  come  near  the  coast  are  considered  to  be 
from  2,000  to  3,000  feet  thick. 

On  the  western  side  of  the  country  the  edge  of  the  inland 
ice  is  from  50  to  100  miles  from  the  coast ;  but  on  the  east 
coast  large  portions  of  it  descend  into  the  sea,  and  the  peaks 
of  nearly  buried  mountains  (nuniUaks)  can  be  seen  project- 
ing above  its  surface,  and  only  small  tracts  near  the  shore 
are  free  from  ice.  Both  coasts  are  indented  by  fiords,  the 
upper  ends  of  which  are  generally  barred  by  the  ioe-cliffs 
in  which  the  huge  glaciers  terminate,  and  from  which  ice- 
bergs are  being  continually  given  off. 

Nansen  gives  a  section  across  South  G-reenland  which 
shows  the  surface  contour  of  the  inland  ice,  but  he  makes 
no  attempt  to  indicate  the  form  of  the  ground  beneath, 
though  his  observations  afford  some  data  for  doing  so. 
Thus  the  mountain  peaks  which  rise  through  the  ice 
near  the  east  coast  were  all  from  3,000  to  4,000  feet  high, 
and  between  40  and  50  miles  inland  he  saw  several  nunv^ 
tdks  with  elevations  of  over  6,000  feet.  On  the  west  coast 
the  highest  ground  is  often  near  the  sea,  and  away  from 
the  inland  ice,  though  in  places  this  is  parted  by  peaks  and 
ridges  from  2,000  to  3,000  feet  high.  The  diagram,  fig.  42, 
has  been  drawn  in  accordance  with  these  indications,  and 
will  at  any  rate  serve  to  give  some  idea  of  an  ice-buried 
country.  Fig.  43  is  a  portion  of  the  inland  ice  descending 
to  the  sea  as  a  glacier. 
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The  interior  of  the  island  of  Spitzbergen  is  also  covered 
with  a  snow-field  and  ice-sheet  from  which  huge  glaciers 
descend  into  the  sea ;  indeed,  some  parts  of  the  coast  con- 
sist almost  entirely  of  the  ice-clifEs  in  which  the  glaciers 
terminate.  Mr.  J.  Lament  has  described  a  glacier  on  the 
south-east  coast  which  has  a  continuous  front  of  ice  30 
miles  wide,  and  projects  into  the  sea  in  three  great  semi- 
circular divisions,  the  largest  of  them  protruding  for  three 
or  four  miles  beyond  the  real  coast-line.  The  &ontal  ice- 
cliffs  of  this  gkcier  vairfrdm  20  to  100  feet  in  height,  and 
from  them  masses  of  all  sizes — ^up  to  that  of  a  church — are 
continually  breaking  off  and  crashing  into  the  sea.  The 
two  outer  lobes  consist  of  smooth  ice,  but  the  inner  one  is 
so  rough  and  jagged  that,  when  seen  dimly  through  the 
fog,  "  it  resembles  more  than  anything  else  a  forest  of  pine- 
trees  covered  with  snow." 

The  terminal  position  of  some  of  these  glaciers  appears 
to  vary;  some  have  advanced  and  others  retreated  since 
they  were  first  observed.  Nordenskiold  states  that  in 
Bell's  Sound  there  was  in  1858  a  harbour,  at  the  head  of 
which  was  a  strip  of  lowland,  and  beyond  this  a  low  but 
broad  glacier.  In  1860-61  the  glacier  advanced  over  the 
lowland,  filled  up  the  harbour,  and  extended  far  into  the 
sea.  "It  now  constitutes  one  of  the  largest  glaciers  in 
Spitzbergen,  from  which  immense  blocks  of  ice  constantly 
fall  down,  so  that  not  even  a  boat  can  venture  in  safety 
beneath  its  broken  border."  ^ 

Mr.  Lament  says  that  many  of  the  bergs  which  floated 
away  from  the  ice-cliffs  of  Spitzbergen  "were  heavily 
charged  with  clay  and  stones,"  and  that  the  sea  for  miles 
around  is  sometimes  discoloured  from  the  quantity  of  mud 
which  is  washed  off  this  floating  land-ice  by  the  waves, 
and  brought  down  by  the  torrents  which  elsewhere  descend 
from  the  mountains. 

Where  mountains  rise  through  an  ice-sheet,  lines  of 
surface  moraine  are  found,  but  when  a  whole  region  is 
buried  in  ice  there  can  of  course  be  no  surface  moraines, 
and  the  transport  of  detritus  must  be  confined  to  the  sole 
or  base  of  the  ice-sheet,  and  to  the  sub-current  rivers.  With 

»  "GeoL  Mag."  Dec.  2,  vol.  iii.  p.  18. 
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respect  to  the  capacity  of  such  ice-sheets  for  transport  and 
erosion  we  know  rerj  little  at  present  from  actual  obser- 
vation, but  as  regards  erosion,  it  maj  be  safelj  asserted 
that  if  anj  part  of  a  Tallej  glacier  exercises  erosive  power, 
those  parts  of  an  ice-sheet  which  move  down  buried  valleys 
must  have  a  more  powerful  erosive  action. 

It  is  believed  that,  at  the  period  when  the  Swiss  glaciers 
attained  their  greatest  development  and  extension.  North 
Britain  and  Scandinavia  were  covered  bj  ice-sheets  which 
moved  out  in  every  direction  from  the  main  lines  of  water- 
shed, which  were  then  great  gathering  grounds  of  snow. 
The  smoothened  and  rounded  outlines  of  the  lower  hills  in 
these  countries,  and  the  scratched  and  polished  surfaces  of 
the  rocks  on  their  sides,  are  generally  attributed  to  the 
rasping  and  grinding  action  of  these  enormous  masses  of 
ice. 


CHAPTBE  X. 

MA.BINE  AGENCIES. 

ACTION  of  Waves. — Tlie  upper  surface  of  the  sea  is 
kept  in  oontinual  agitation  bj  the  force  of  the  winds, 
which  raise  it  into  waves  of  all  dimensions ;  these  waves  roll 
in  upon  every  exposed  coast-line  throughout  the  world,  and 
act  as  instruments  of  erosion  and  destruction.  To  estimate 
the  power  of  sea- waves,  they  must  be  seen  under  the  in- 
fluence of  a  storm  or  gale  of  wind.  Just  as  a  brook  in 
time  of  drought  furnishes  no  measure  of  the  work  it  does  in 
time  of  flood,  so  the  sea  on  a  calm  day  gives  no  idea  of  the 
force  with  which  storm  waves  can  break  on  a  rocky  shore. 

It  has  been  ascertained  that  the  average  force  of  the 
breakers  in  winter  time  on  the  west  coast  of  Scotland  is 
equal  to  a  pressure  of  2,086  lbs.  (nearly  a  ton)  on  every 
square  foot  of  rock ;  during  a  storm  it  is  greater.  Mr. 
Stevenson  found  by  experiments  at  the  Bell  Bock  Light- 
house that  the  pressure  was  sometimes  a  ton  and  a  half 
upon  the  square  foot,  and  that  at  Skerryvore  in  the 
Atlantic  it  was  doubly  powerful,  viz.,  about  three  tons  to 
the  square  foot. 

Such  a  force  is  evidently  capable  of  dislodging  and 
moving  very  large  fragments  of  rock,  especially  if  the 
blocks  have  been  previously  loosened  by  the  action  of  rain 
and  frost.  Sir  Arch.  Geikie  ^  states  that  on  the  coast  of 
the  Pentland  Firth  blocks  from  7  to  13  tons  in  weight  had 
been  quarried  out  of  the  cliffs  at  a  height  of  70  feet  above 
the  sea ;  the  waves  must  have  risen  to  that  height,  and 
still  have  been  able  to  bring  down  these  immense  frag- 

^  "  Scenery  and  Geology  of  Scotland,"  p.  61. 
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ments.  In  other  places  tliej  have  torn  up  similar  masses 
of  rock,  and  heaped  them  together  at  a  height  of  62  feet. 

The  damage  and  destruction  which  is  often  wrought 
upon  piers  and  breakwaters  during  storms  enables  us  to 
realize  the  enormous  power  of  the  waves,  and  anyone  who 
has  witnessed  the  making  of  a  breach  in  such  massive 
masonry  will  be  better  able  to  appreciate  the  action  of  the 
sea  upon  coasts  and  cliffs.  During  heavy  gales  at  Ply- 
mouth in  1824  and  1829,  blocks  of  limestone  and  granite, 
weighing  from  to  two  to  five  tons,  were  washed  about  at  the 
breakwater  like  pebbles.  About  800  tons  of  such  blocks 
were  borne  a  distance  of  200  feet  up  the  inclined  plane  of 
the  breakwater.  In  one  place  a  block  of  limestone,  seven 
tons  in  weight,  was  washed  a  distance  of  150  feet.*  On  the 
coast  of  Clare,  in  Ireland,  blocks  of  rock  may  be  seen 
which  have  been  torn  from  rock-masses  20  feet  above  high- 
water  mark,  and  thrown  up  on  to  the  grass  full  20  feet 
higher  and  20  yards  farther  back.^ 

The  mere  blow  and  force  of  the  wave,  however,  is  not 
the  whole  of  the  force  exercised ;  when  the  water  is  dashed 
against  a  rock  or  diff,  some  of  it  is  injected  into  every 
crack  and  crevice  it  can  find,  and  its  pressure  is  exerted  in 
forcing  asunder  the  walls  of  the  fissure.  Moreover  the 
air  that  was  previously  in  the  fissures  is  suddenly  com- 
pressed and  impelled  into  the  minuter  cracks  and  planes  of 
division.  With  the  recess  of  the  wave  the  pressure  is 
suddenly  relieved,  and  the  air  and  water  rush  out  with  a 
suction  that  is  capable  of  loosening  and  dislodging  large 
blocks  of  rock.  No  sooner  are  such  fragments  torn  away 
from  the  cliff  than  they  are  immediately  converted  into 
engines  of  further  destruction,  for  they  are  lifted  by  the 
waves  and  hurled  against  the  rocks,  so  as  to  act  like  ham- 
mers or  battering  rams. 

To  sum  up,  therefore,  it  may  be  said  that  when  sea- 
waves  break  full  against  the  face  of  a  cliff,  four  different 
physical  processes  are  set  in  action,  all  of  which  assist  in 
the  work  of  destruction :  these  processes  are : — 

1.  The  force  and  impact  of  the  waves. 

'  De  la  Beche*8  "  Geological  Observer,"  p.  47. 

*  Jukes'  <<  Manual  of  Greology,"  second  edition,  p.  220. 
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2.  The  hydraulic  pressure  of  the  water  in  the  larger 
fissures. 

3.  The  alternate  compression  and  expansion  of  air  in  the 
cracks  of  the  rock. 

4.  The  employment  of  stones  and  boulders  as  battering- 
rams. 

Formation  of  Caves,  Coves,  and  Inlets. — If  the 
larger  cracks  and  fissures  run  at  right  angles  to  the  cliff, 
they  form  so  many  lines  of  weakness,  which  yield  more 
readily  to  the  continued  action  of  the  waves,  and  a  long 
cave  or  else  an  open  inlet  is  gradually  formed.  In  other 
cases  the  larger  cracks  or  master  joints  run  parallel  to  the 
face  of  the  cliff;  shorter  and  wider  cavities  are  then 
formed  near  the  base  of  the  diff,  which  is  thus  undermined 
till  one  of  the  main  joints  is  reached,  when  the  unsupported 
mass  above  falls  in  ruin  on  the  shore.  The  breakers  then 
proceed  to  reduce  the  size  of  the  fallen  fragments,  dashing 
them  one  against  the  other,  and  breaking  them  up  into 
pebbles  and  sand,  till  at  last  they  are  washed  away,  and 
the  face  of  the  cliff  is  exposed  again  to  fresh  assaults. 

Instances  of  the  action  of  the  breakers  on  jointed  rocks 
are  to  be  seen  on  all  coasts.  On  the  western  coasts  of 
Europe  the  severest  storms  and  strongest  gales  come  from 
the  westward,  with  winds  ranging  from  S.W.  to  N.W.,  and 
as  they  sweep  over  the  vast  expanse  of  the  Atlantic  Ocean 
they  raise  up  enormous  waves  which  break  upon  the  land 
with  tremendous  force.  The  hard  rocks  of  the  western 
coast  of  Ireland  afford  many  illustrative  examples  of  the 
action  of  these  breakers  as  going  on  at  present,  their  cliffs, 
caves,  and  rocky  islets  having  been  formed  by  inroads. 
Mr.  Jukes  states,  on  the  authority  of  Mr.  W.  L.  Willson, 
late  of  the  Geological  Survey  of  Ireland,  that  in  the  far 
part  of  the  promontory  between  Bantry  and  Dunmanus 
Bays  there  are  dark  holes  in  the  fields  some  distance  back 
from  the  edge  of  the  cliffs,  looking  down  into  which  the 
sea  might  be  dimly  seen  washing  backwards  and  forwards 
in  the  narrow  cavern  below. 

"  At  high  water,  and  during  gales  of  wind,  with  heavy 
breakers  rolling  in  upon  the  coast,  vast  volumes  of  water 
are  poured  suddenly  into  these  narrow  caverns,  and  rolling 
on,  compress  the  air  at  their  further  end  into  every  joint 
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and  pore  of  the  rock  above,  and  then,  suddenly  receding^, 
suck  both  air  and  water  back  again  with  such  force  as  now 
and  then  to  loosen  some  part  of  the  roof.  Working  in  this 
way,  the  sea  sometimes  gradually  forms  a  passage  for  itself 
to  the  surface  above,  and  if  that  be  not  too  lofty,  forms  a 
*  blow-hole,'  or  'puffing-hole,'  through  which  spouts  of 
foam  and  spray  are  occasionally  ejected  high  into  the 
air." ' 

Some  of  these  blow-holes  open  down  into  cavernous 
gullies,  which  lead  from  one  cove  to  another,  behind  bold 
headlands  of  even  a  hundred  or  more  feet  in  height ;  show- 
ing the  commencement  of  the  process  by  which  headlands 
are  converted  in  islands.  One  such  square  precipitous 
island,  near  Loop  Head,  County  Clare — which  in  1862  was 


Fig.  44.  Part  of  the  Dorsetshire  Coast  (distance  about  five 
miles),  a,  Mupe  Cove,  b,  Lulworth  Cove,  c,  Stare  Cove. 
df  Man-of-War  Cove,    e,  Durdle  Cove.    /,  Bam  Door. 

at  least  20  yards  from  the  mainland — was  said  by  the 
farmer  who  held  the  ground  to  have  been  accessible  by  a 
twelve-foot  plank  when  he  was  a  boy. 

Another  cause  of  the  irregularities  of  a  coast-line  is  to 
be  found  in  the  unequal  hardness  or  resistant  power  of  the 
rocks  themselves.  The  more  yielding  strata  are  worn  into 
deep  bays  and  inlets,  while  the  harder  rocks  stand  out  as 
capes,  promontories,  and  detached  islets. 

Nowhere  is  this  result  so  clearly  seen  as  on  the  south- 
west coast  of  Ireland,  where  beds  of  indurated  sandstone 
form  the  bold  headlands  separating  Dingle,  Kenmare, 
Bantry,  and  Dunmanus  Bays,  while  these  inlets  are  all 
eroded  out  of  more  destructible  shales  and  limestones. 

The  coasts  of  Devon  and  Cornwall    present  similar 

^  Jukes*  "  Manual  of  Geology,"  second  edition,  p.  220. 
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examples  on  a  smaller  scale,  the  numerous  creeks  and 
coves  being  all  scooped  out  of  some  comparatiyelj  soft 
rock,  frequently  the  shaly  slate  locally  known  as  MUas, 
while  the  harder  rocks,  such  as  granite  and  dolerite,  have 
offered  more  resistance  to  the  breakers  and  stand  out 
as  headlands  and  promontories.  Polventon  Gove,  on  the 
east  side  of  Trevose  Head,  is  a  natural  harbour  formed  in 
this  way,  and  protected  from  the  north-west  winds  by  a 
jutting  ridge  of  hard,  igneous  rock  (greenstone),  which 
forms  an  efficient  breakwater.^  The  erosion  of  the  shores 
of  Tor  Bay  has  been  described  by  Mr.  Pengelly.' 

In  England,  however,  the  most  remarkable  instances  of 
this  selective  action  of  the  waves  are  to  be  found  on  the 
Dorsetshire  coast.  The  cliffs  which  form  this  coast  con- 
sist of  a  variety  of  strata,  some  of  which  are  very  much 
softer  and  more  yielding  than  the  rest.  As  a  consequence, 
wherever  these  are  brought  within  the  reach  of  the  waves 
deep  recesses,  or  coves,  have  been  excavated  out  of  them. 
No  less  than  six  of  these  coves  occur  within  the  distance  of 
five  miles,  while  the  intervening  portions  of  the  coast-line 
form  nearly  straight  ranges  of  cliffs.  These  features  are 
shown  in  plan  in  fig.  44,  and  an  idea  of  the  scenery  they 
produce  may  be  obtained  from  the  view  of  Durdle  Cove  in 
fig.  45  ;  the  eastern  cape  of  this  bay  is  formed  by  a  pro- 
jecting crag  of  hard  limestone  (Portland  stone),  through 
which  the  waves  have  worn  a  wide  gap  or  archway  known 
as  the  **  Barn-door."  The  western  cape  consists  of  chalk, 
while  the  inner  cliffs  consist  chiefly  of  sands  and  clays,  to 
the  presence  of  which  the  bay  owes  its  existence. 

The  Isle  of  Wight  owes  its  lozenge  shape  entirely  to  the 
relative  hardness  of  the  rocks  of  which  it  is  composed. 
Through  the  middle  of  the  island  runs  a  high  ridge  of 
chalk,  the  two  ends  of  which  project  east  and  west,  and 
form  the  promontories  known  respectively  as  Culver  Point 
and  The  Needles  (see  fig.  46,  borrowed  from  Mantell's 
"  Excursions  ").  The  Culver  cliffs  are  flanked  by  Sandown 
and  Whitecliff  Bays,  while  Brixton  and  Alum  Bays  occupy 
the  same  position  with  regard  to  the  Needles.    All  these 

^  See  De  la  Heche's  "  Geological  Observer,"  p.  51. 
«  "Geologist,"  vol.  iv.  p.  447. 
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the  sea  is  comparatively  quiet.  Between  these  points,  there- 
fore, a  line  is  reached  where  the  erosive  and  accumulative 
actions  balance  one  another,  and  below  which  little  erosion 
takes  place.  This  line  is  always  a  little  above  the  level  of 
low  tide,  and  may  be  called  the  line  of  lecist  erosion. 

During  storms,  however,  the  power  of  the  waves  is  still 
great  even  at  low  tide,  and  they  disturb  the  bottom  to 
some  depth  below  the  low  water  level,  as  is  testified  by  the 
shells,  stones,  and  seaweeds  torn  from  their  habitat  below 
low  water  mark  and  cast  up  on  the  beach  after  storms. 
Ihiring  violent  gales  it  is  said  that  the  sea-floor  has  been 
disturbed  to  a  depih  of  50  fathoms,  but  such  disturbance 
would  only  cause  an  oscillation  of  the  sand  and  mud  at  the 
bottom. 

On  a  rocky  shore  the  tendency  of  these  conditions  is  to 


Fig.  47.    Formation  of  a  Shore  Platform. 

produce  a  horizontal  or  gently  sloping  platform,  the  outer 
edge  of  which  corresponds  to  the  line  of  non-erosion,  so 
that  its  surface  is  bare  at  low  water.  This  platform  is  often 
called  a  scar,  and  its  inner  side  is  bounded  by  cliffs  more 
or  less  lofty,  according  to  the  height  of  the  land  which  is 
eaten  into.  Fig.  47  is  a  section  across  such  a  platform, 
the  line  a  representing  high  tide  level,  and  b  low  tide  level. 
When  the  land  was  first  brought  into  the  position  with 
regard  to  the  sea-level  which  it  is  supposed  to  occupy  in 
fig.  47,  no  cliffs  existed,  but  the  line  e  f  was  a  continuous 
slope.  The  sea  began  to  cut  into  the  land  at  the  point  e, 
and  the  formation  of  the  platform  has  been  effected  by  the 
recession  of  the  cliffs  to  the  point  f. 

The  rapidity  of  Marine  Erosion. — The  rate  at  which 
cliffs  are  being  worn  back  depends  on  various  circumstances, 
partly  on  the  position  of  the  cliff  and  depth  of  water  at 
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its  base,  partly  on  the  force  of  the  breakers,  partly  on  the 
hardness  of  the  rocks  composing  the  clifE,  and  partly  on 
the  assistance  derived  from  sub-aerial  agencies — ^rain,  frost, 
and  springs — ^which  generally  work  faster  than  the  waves, 
and  cause  the  clifEs  to  slope  backward  at  a  greater  or  less 
angle  from  the  shore. 

The  most  important  condition  is  the  hardness  or  re- 
sistant power  of  the  rocks  themselves.  Where  the  rocks 
of  the  coast  are  hard  and  massive  little  change  is  noticed 
in  the  course  of  a  century,  but  where  the  whole  coast  con- 
sists of  the  softer  kinds  of  rocks,  and  especially  if  it  is 
swept  by  a  strong  current  which  can  readily  carry  off  the 
eroded  materials,  the  waste  of  land  is  sometimes  very  rapid, 
so  that  all  the  inhabitants  become  sensible  of  it.  This  is 
the  case  for  long  distances  on  the  eastern  and  southern 
coasts  of  England,  and  even  within  the  last  few  centuries 
the  destruction  of  land  has  been  so  great,  that  the  sites  of 
many  villages  and  some  considerable  towns  along  the 
coasts  of  Yorkshire,  Norfolk,  Suffolk,  Essex,  and  Kent, 
are  now  beneath  the  sea,  which  has  eaten  away  the  groimd 
on  which  they  once  stood.  It  should  be  observed,  how- 
ever, that  it  is  only  at  certain  points  along  these  coasts 
that  destruction  is  going  on,  not  along  their  whole  extent. 
At  some  places,  as  will  hereafter  be  mentioned,  deposition 
and  accretion  are  taking  place.  For  the  facts  which  follow, 
my  authority,  when  another  is  not  specially  cited,  is  the 
tenth  edition  of  Lyell's  "  Principles  of  Geology." 

In  Yorkshire  the  waste  is  most  rapid  along  the  coast  of 
Holderness,  between  Flamborough  Head  and  Spurn  Point, 
at  the  entrance  of  the  Humber ;  this  tract  consists  of  beds 
of  clay,  gravel,  and  sand,  which  form  low  cliffs  against 
which  the  waves  beat,  while  a  strong  current  sets  from 
the  north  and  carries  away  the  ddbris. 

"For  many  years,"  says  Professor  Phillips,  "the  rate 
at  which  the  cliffs  recede  from  Bridlington  to  Spurn,  a 
distance  of  36  miles,  has  been  found  by  measurement  to 
equal  on  an  average  2^  yards  annually,  which  upon  36 
miles  of  coast  would  amount  to  about  30  acres  a  year.  At 
this  rate  the  coast,  the  mean  height  of  which  above  the 
sea  is  about  40  feet,  has  lost  one  mile  in  breadth  since 
the  Norman  Conquest,  and  more  than  two  miles  since 
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the  occupation  of  York  by  the  Bomans."  In  some  places 
the  loss  of  land  is  said  to  be  as  much  as  5  yards  per 
annum.  ^ 

The  sites  of  the  villages  of  Auburn,  Hartbum,  Hjde^ 
and  Eavenspur,  are  now  sand-banks  dry  only  at  low 
water,  though  Bavenspur,  where  Bolingbroke  landed  to 
depose  Bichard  II.,  was  once  so  large  and  flourishing  a 
sea-port  as  to  be  a  rival  of  Hull. 

Norfolk, — The  site  of  the  old  town  of  Cromer  is  now  in 
the  German  Ocean,  the  inhabitants  having  continually 
built  inland  as  the  sea  gained  on  them.  It  is  stated  by 
Mr.  Bedman  ^  that  during  the  twenty-three  years  which 
elapsed  between  the  Ordnance  Survey  of  1838  and  the 
year  1861,  a  portion  of  the  cUJff  composed  of  sand  and 
clay  between  Cromer  and  Mundesley  receded  330  feet, 
amounting  to  a  mean  annual  waste  of  14  feet ;  these  cliffs 
are  from  200  to  250  feet  high,  and  the  amoimt  of  material 
carried  away  from  them  every  year  must,  therefore,  be 
enormous.  The  facts  given  by  the  same  authority  show 
that  along  the  cliffs  between  Mundesley  and  Happisburgh 
the  average  annual  rate  of  waste  is  about  three  yards. 
This  waste  is  largely  due  to  the  work  of  rain  and  springs, 
for  the  cliffs  often  founder  down  in  a  series  of  landslips ; 
but  this  movement  would  soon  cease  if  it  were  not  for  the 
removal  of  the  talus  bv  the  action  of  the  sea. 

On  the  same  coast  churches,  villages,  and  manors,  such 
as  those  of  Shipden,  Wimpwell,  and  Eccles,  have  one  after 
another  disappeared,  so  that  their  previous  existence  is 
only  known  from  old  records. 

Suffolk  has  suffered  in  a  similar  manner.  Dunwich, 
now  only  an  inconsiderable  village,  was  once  the  chief  port 
in  the  county.  It  is  stated  in  Doomsday  Book  that  two 
tracts  of  land  outside  the  village  had  been  taxed  by 
Edward  the  Confessor,  but  had  been  destroyed  in  the  few 
years  which  had  elapsed  between  that  time  and  the 
Conqueror's  Survey.  In  other  later  records  mention  is 
made  of,  at  one  time,  a  monastery,  at  another  several 

'  See  a  paper  **  On  the  Encroachments  of  the  Sea  from  Spurn 
Point  to  Flamborongh  Head,"  by  R.  Pickwell,  "  Proc.  Inst.  Civ. 
Eng."vol.  11.  p.  191. 

^  "  Proc.  Inst.  Civ.  Eng."  voL  xxiii  p.  31. 
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churches,  then  the  old  port,  then  400  houses  at  once,  and 
gradually  the  gaol,  the  town-hall,  the  high  roads,  then  of 
ancient  cemeteries,  the  co£&ns  of  which  were  for  some  time 
exposed  in  the  cliff — ^all  swept  awaj  bj  the  devouring  sea. 
The  waste  of  Dunwich  cliff  has  ceased  for  some  years, 
and  shingle  now  accumulates  at  its  base ;  but  the  neigh- 
bouring cliffs  of  Easton  Bayent  and  CoYehithe  are  re- 
ceding at  the  rate  of  from  20  to  30  feet  in  a  year.' 

Beacon  Cliff,  near  Harwich,  has  wasted  at  a  yerj  rapid 
rate ;  it  is  about  50  feet  high,  and  consists  entirely  of  clay. 
Captain  Washington  ascertained  that  between  the  years 
1709  and  1756  it  had  receded  a  distance  of  40  feet ;  be- 
tween 1756  and  1804,  80  feet  had  been  swept  away,  and 
between  1804  and  1841,  no  less  than  350  feet,  showing  a 
rapidly  accelerated  rate  of  destruction. 

Kent, — The  Isle  of  Sheppey,  off  the  north  coast,  furnishes 
another  example  of  the  rapid  destruction  of  clay  cliffs, 
which  are  contmually  foundering  down  under  the  combined 
attacks  of  rain-water  and  sea-waves.  An  account  of  the 
landslips  constantly  taking  place  along  the  north  coast  of 
this  island  has  already  been  given  (p.  121),  and  the  sea  is 
chiefly  employed  in  washing  away  the  ruins  which  fall  on 
the  shore.  As  much  as  50  acres  of  land  have  been  lost 
in  20  years,  and  if  the  present  rate  of  destruction  should 
continue,  it  is  easy  to  foresee  the  total  destruction  of  the 
island. 

Still  farther  east  stands  the  church  of  Beculver,  upon  a 
low  cliff  of  cli^  and  sand ;  Beculver  was  a  Boman  station, 
and  even  in  Henry  yill.'s  time  the  church  was  nearly  a 
mile  from  the  sea.  The  Boman  camp  was  destroyed  in 
1780,  and  part  of  the  churchyard  in  1804,  but,  since  then, 
artificial  means  have  been  taken  to  break  the  force  of  the 
waves  and  to  preserve  the  church  as  a  landmark.' 

8u89ex. — ^Westward  of  Hastings  there  has  been  much 
loss  of  land,  and  though  Pevensey  Level,  with  its  border  of 
shingle,  has  been  formed  in  historical  times,  yet  for  more 
than  a  century  the  whole  shore-line  has  been  giving  way, 
the  rate  of  waste  now  being  between  3  and  7  feet  per 

^  See  <*Thd  Geology  of  Southwold,"  by  W.  Whitaker,  Mem. 
Geol.  Snrv.  1887. 
»  See  Lyell's  "  Principles,"  vol.  L  p.  523. 
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annum.  At  Langnej  Point  between  the  years  1736  (Des- 
marest's  Survey)  and  1844  (Ordnance  Survej)  the  sea  had 
advanced  more  than  half  a  mile.  A  comparison  between 
the  two  Surveys  above  mentioned  shows  that  the  coast 
between  Eastbourne  and  Beachy  Head  has  receded  to  the 
extent  of  more  than  a  quarter  of  a  mile,  and  in  some  places 
as  much  as  600  yards,  the  average  loss  being  between  12 
and  15  feet  per  annum  ^  (see  map,  fig.  48).  Of  the  mar- 
tello  towers  constructed  here  in  1806,  four  (Nos.  69  to  72) 
have  since  been  destroyed  by  the  encroachments  of  the  sea, 
and  are  now  below  highwater  mark. 

At  Beachy  Head,  which  is  a  promontory  of  hard  chalk, 
the  erosion  is  less  rapid,  but  falls  from  the  cliff  are  fre- 
quent, and  the  largest  landslip  of  which  record  remains 
took  place  in  1813,  when  a  mass  of  chalk  300  feet  long 
and  about  80  feet  wide  was  precipitated  on  to  the  shore.'' 
Seven  towers  of  chalk  called  the  Seven  Charles  formerly 
stood  out  from  these  cliffs,  but  the  last  of  them,  which  was 
known  to  have  withstood  the  attacks  of  the  sea  for  more 
than  a  century,  fell  in  1853.' 

Between  Newhaven  and  Brighton  the  average  rate  of 
waste  is  3  feet  per  annum,  and  Mr.  H.  Willett  states  that 
at  Aldrington  (3  miles  west  of  Brighton)  the  encroach- 
ment of  the  sea  amounted  to  270  feet  in  ten  years,  or  an 
annual  rate  of  9  yards,  these  figures  being  obtained  by 
actual  admeasurement. 

The  promontory  known  as  Selsey  Bill  has  likewise  suf- 
fered great  loss.  In  the  time  of  the  historian  Bede,  a.d.  731, 
Selsey  was  a  peninsula,  and  contained  5,220  acres  of  land ; 
at  the  present  time  its  area  only  amounts  to  2,880  acres. 
It  was  for  many  years  a  Bishop's  see,  and  possessed  a 
cathedral  and  episcopal  palace  with  a  large  park,  which  in 
the  time  of  Henry  Yin.  was  well  stocked  with  deer.  Now 
the  site  of  these  buildings  is  said  to  be  about  a  mile  from 
the  coast,  and  a  small  plot  called  Park  Coppice  is  the 
only  remnant  of  the  park ;  though  the  shore  and  sands 

'  Bedman,  "  Proc.  Inst.  Civil  Engineers,"  vol.  xxiii.  For  the 
use  of  this  illustration  (fig.  48)  I  am  indebted  to  Rev.  H.  £. 
Maddock  and  Mr.  Chambers,  of  Eastbourne. 

•  Webster,  "  Trans.  Geol.  Soc."  vol.  ii.  p.  191. 

'  Chambers'  <*  Guide  to  Eastbourne." 
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are  still  known  locally  by  the  name  of  the  "  Bishop's 
Park." 

Hampshire. — The  cliffs  between  Hurst  Shingle  Bar  and 
Christcharch  are  likewise  ^om  back  at  a  rapid  rate,  the 
destruction  being  estimated  at  a  yard  per  annum.  Christ- 
church  Head  stands  out  as  a  promontory,  and  it  is  a  note- 
worthy and  significant  fact  that  this  is  the  only  point 
between  Lymington  and  Poole  Harbour  in  Dorsetshire 
where  any  hard  stony  masses  occur  in  the  cliffs.  "  Five 
layers  of  large  ferruginous  concretions,"  says  LyeU,  "  some- 
what like  the  septaria  of  the  London  Clay,  have  occasioned 
a  resistance  at  this  point,  to  which  we  may  ascribe  this 
headland."  > 

The  configuration  of  the  Isle  of  Wight,  and  the  extent 
to  which  it  has  suffered  from  marioe  erosion,  have  already 
been  mentioned  (see  p.  168). 

Dorsetshire. — The  same  phenomena  are  repeated  in  the 
districts  of  Purbeck  and  Portland.  The  manner  in  which 
the  coves  of  the  Purbeck  coast  have  been  formed  has 
alreadv  been  mentioned;  at  Portland  the  erosion  has 
been  much  more  considerable :  the  cliffs  here  consist  of  a 
soft,  shaly  day,  overlaid  by  a  massive  limestone ;  the  clay 
is  rapidly  excavated,  so  that  the  cliffs  are  undermined,  and 
large  masses  of  the  superstratum  then  fall  by  their  own 
weight.  The  action  of  the  waves  is  assisted  by  that  of  the 
springs  thrown  out  beneath  the  limestone,  as  in  the  Isle  of 
Wight,  p.  123.  Large  landslips  have  often  occurred,  notably 
one  in  1792,  when  a  tract  of  ground  a  mile  and  a  quarter 
long  and  600  yards  broad  was  moved  towards  the  sea.  The 
isle  of  Portland  is,  in  fact,  the  last  remnant  of  a  once  ex- 
tensive tract  of  land. 

Similar  destruction  and  loss  of  land  is  going  on  along 
the  coast  between  Bridport  and  Axmouth,  the  great  land- 
slip near  the  latter  place  having  been  already  mentioned 
(p.  124).  Near  Lyme  Begis  the  rate  of  waste  has  been 
estimated  at  about  three  feet  per  annum. 

Erosion  of  Heligoland. — The  destruction  of  land 
which  can  be  accomplished  by  the  sea  under  certain  circum- 
stances will  be  better  realized  if  we  take  the  case  of  a 

1  «  Principles  of  Geology,"  tenth  edition,  vol.  i.  p.  633. 
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of  England.  No  accurate  deBcription  exists  of  its  size  in 
very  early  times,  but  it  is  known  to  have  been  continually 
diminished  by  incursions  of  the  sea  during  high  tides  and 
storms.  Fig.  49  is  a  reduced  copy  of  a  map  said  to  have 
been  '*  copied  from  an  old  map  in  possession  of  the 
Oovemor  of  Heligoland/'  and  showing  the  area  of  the 
island  at  three  different  periods. 

The  outlines  here  shown  may  not  be  strictly  accurate, 
and  the  area  represented  as  existing  in  a.d.  300  may  pos- 
sibly be  rather  too  large/  but  the  map  may  be  taken  to 
show  the  approximate  size  and  the  relative  position  of  the 
portions  destroyed  between  the  dates  mentioned.  It  is 
very  probable  that  the  larger  part  of  the  island,  as  it 
existed  in  a.d.  800,  was  low  and  flat,  hence  the  great  loss 
of  land  between  that  date  and  1800.  There  can  be  little 
doubt  that  the  portion  now  remaining  has  survived  be- 
cause it  was  the  highest  and  firmest  part  of  the  island. 
It  is  now  about  a  mile  long  and  two  furlongs  broad  at  its 
widest  part,  with  cliffs  170  feet  high  (see  fig.  50).  About 
half  a  mile  eastward  is  Sandy  Island,  which  was  united  to 
the  main  island  by  a  ridge  of  chalk  till  as  late  as  1720, 
but  having  been  largely  quarried  by  the  inhabitants,  it  was 
demolished  by  the  sea  in  that  year.  The  island  shown 
in  fig.  49  as  existing  in  1649,  still  further  to  the  east,  is 
now  the  Lorelei  Bank,  and  covered  by  four  fathoms  of 
water. 

Bef  erence  to  the  Admiralty  Chart  shows  that  north-east 
of  the  present  island  are  long  reef -like  banks,  large  parts 
of  which  are  only  just  covered  at  low  tide.  These  banks 
have  a  N.W.  and  S.E.  direction  parallel  to  that  of  the 
rocky  scars  around  Heligoland,  and  their  surface  is  partly 
bare  rock  and  partly  stones.  A  bottom  of  rock  and 
stones  is  frequent  all  over  the  area  encircled  by  the  10 
fathom  contour  line,  an  area  which  measures  5  miles  from 
north  to  south,  and  about  S-J-  from  west  to  east,  and  is 
imited  by  a  narrow  neck  to  the  shallow  ground  on  the 
east,  of  which  the  Lorelei  Bank  is  a  part.  These  facts  are 
sufficient  to  show  that  the  old  map  is  to  a  large  extent 

^  This  map,  with  a  note  by  Mr.  W.  H.  Penning,  was  pnbliahed 
in  the  <*Geo].  Mag.,"  1876,  Dec.  2,  vol.  iii.  p.  283,  and  I  am 
indebted  to  the  editor  for  the  use  of  the  block. 
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confirmed  by  the  features  of  the  sea-floor  around  the 
present  island. 

Action  of  Tidal  Currents. — ^The  consideration  of  tidal 
currents  has  heen  rather  neglected  b j  geologists,  and  it  is 
very  difficult  to  form  an  adequate  conception  of  their 
action  because  the  process  is  hidden  from  ordinary  obi^er- 
yation.  Some  facts  have  been  recorded,  however,  which 
seem  to  indicate  that  these  currents  exercise  a  certain 
amount  of  erosive  action  on  the  sea-floor,  more  particu- 
larly where  they  pass  between  islands,  or  round  head- 
lands. 

The  height  of  the  tide,  and  the  force  of  the  currents  it 
produces,  depend  upon  the  configuration  of  the  coast-line. 
In  the  open  ocean  it  is  merely  a  slight  lifting  of  the  sur- 
face, but  the  rotation  of  the  earth  converts  this  into  a  long 
low  wave,  the  movement  and  mass  of  which  become  ap- 
preciable as  it  approaches  the  land.  At  the  headlands, 
which  are  first  reached  by  the  tidal  wave,  the  rise  of  water 
is  seldom  more  than  six  feet,  but  where  shelving  shores 
and  narrow  gulfs  or  bays  confine  the  tidal  waters  into  a 
narrower  spac*e,  the  rise  and  fall  of  water  often  amounts 
to  80  or  40  feet.  In  the  Bristol  Channel,  for  instance,  it 
is  more  than  40  feet,  and  the  currents  produced  are  pro- 
portionately powerful. 

Where  islands  occur  which  present  a  considerable  length 
of  coast  to  the  advance  of  the  tidal  wave,  this  is  divided 
into  two  portions,  which  travel  round  the  island  in  oppo- 
site directions,  and  the  configuration  of  the  main  coast 
beyond  the  island  may  cause  the  one  portion  of  the  wave 
to  rise  to  a  higher  level  than  the  other  portion.  In  such 
circumstances  a  strong  current  or  race  will  be  developed  in 
the  channel  between  the  island  and  the  mainland.  Such 
races  are  common  among  the  islands  off  the  west  coast  of 
Scotland,  and  where  the  channels  are  narrow  counter  cur- 
rents are  often  set  up  with  dangerous  eddies  and  whirl- 
pools. The  famous  Maelstrom  or  Whirlpool  of  the  Lofoten 
Islands  of  Norway  is  due  to  this  cause,  as  are  also  the 
currents  of  Hellgate  in  the  narrow  channel  between  New 
Tork  Bay  and  Long  Island  Sound.  "  If  the  waters  of  the 
sound  could  be  separated  from  those  of  the  bay  by  a 
partition  at  this  point,  the  water  at  high  tide   on  the 
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Bound  side  would  stand  five  feet  higher,  and  at  low  tide 
five  feet  lower,  than  the  water  on  the  bay  side."  * 

It  is  a  mistake  to  suppose  that  tidal  currents  are  merely 
surface  streams,  they  affect  the  whole  body  of  water  in 
the  channel  or  bay,  and  in  some  cases  the  velocity  of  the 
current  at  the  bottom  is  greater  than  that  at  the  surface. 
In  the  Little  Minch  off  the  west  coast  of  Scotland,  be- 
tween Glas  Island  and  Sgeir-i-Noe,  the  flood-stream  often 
takes  long  fishing-lines  down  to  the  bottom.  **  It  is  a  re- 
markable circumstance,  indicative  of  the  great  depth  of 
the  tidal  stream  here,  that  the  buoys,  though  anchored  in 
70  or  80  fathoms,  are  taken  completely  to  the  bottom, 
star-fish  and  other  marine  animals  being  found  attached 
to  them.''  ^  As  in  fine  weather  the  surface  velocity  here  is 
only  l-J-  knots  per  hour,  it  is  evident  the  bottom  velocity 
must  be  greater.  In  the  Gulf  of  Goirebhrecain,  between 
Scarba  and  Jura,  there  is  a  dangerous  race  where  the  tide 
runs  with  a  velocity  of  94^  miles  an  hour,  causing  eddies 
and  counter  currents  along  each  side  of  the  gulf,  which 
has  a  maximum  depth  of  80  to  100  fathoms;  and  Mr. 
Beade  remarks  that  the  greatest  depth  occurs  just  in  the 
position  it  should  do  if  it  were  due  to  the  excavating 
power  of  the  current. 

In  this  gulf,  and  in  some  other  deeps  off  the  Scottish 
coast,  bare  rock  is  marked  on  the  Admiralty  charts,  while 
all  around  is  mud  or  sand,  and  Mr.  Beade  (Joe.  cit.)  thinks 
it  possible  that  most  of  these  valley-like  hollows  have  been 
excavated  by  the  action  of  the  tidal  currents,  for  though 
their  erosive  influence  on  a  rocky  bottom  may  be  small, 
on  a  soft  bottom  it  may  be  great,  and  such  a  current  may 
have  scooped  away  the  sand  and  clay  which  filled  the 
hollow  till  it  reached  the  rock  below.  By  others  these 
deeps  are  regarded  as  submei^ed  portions  of  ancient 
valleys  and  lakes,  but  there  is  much  to  be  said  for  Mr. 
Beade's  view. 

Tidal  currents  certainly  seem  to  have  more  erosive 
power  than  they  are  generally  credited  with,  for  it  is 
otherwise  difficult  to  account  for  the  depth  of  water  out- 

*  Hinman's  "  Physical  Geography,"  1890,  p.  130. 

*  ''Sailing  Directions  for  West  Coast  of  Scotland,"  p.  119, 
quoted  by  M.  Reade  in  '*  Phil.  Mag.,"  1888,  p.  339. 
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side  coasts  which  are  known  to  have  been  receding  at  the 
rate  of  several  jards  a  year.  Thus  Ljell  records  that  in 
one  part  of  Sherringham  harbour,  on  the  Norfolk  coast, 
there  was  in  1829  a  depth  of  20  feet  of  water  where  forty- 
eight  years  before  there  stood  a  cliff  50  feet  high.  Now 
if  the  waves  were  the  only  agent  of  erosion,  the  tract  over 
which  they  had  advanced  woidd  have  been  a  shallow  flat, 
and  would  not  have  been  eroded  to  such  a  depth.  Mr. 
Clement  Beid  has  recognized  this  consideration,  and  adds 
a  remarkable  instance  of  submarine  erosion  which  came 
under  his  personal  notice  while  surveying  the  Norfolk 
coast.  This  was  the  deepening  and  scouring  out  of  a  sub- 
marine channel  during  a  storm  to  a  depth  of  15  fathoms, 
and  the  tearing  off  of  slabs  of  ironstone  from  the  rocky 
side  of  this  channel  at  a  depth  of  at  least  10  fathoms, 
these  slabs  being  cast  up  on  the  beach.^ 

Bottom  currents  appear  to  exist  even  in  the  open  ocean 
and  at  considerable  depths.  Thus  Mr.  Stallibrass  records 
the  existence  of  strong  currents  at  a  depth  of  1,000  fathoms 
between  the  Canary  Islands,  and  says  their  scouring 
action  may  be  clearly  detected.  Mr.  J.  Y.  Buchanan  also 
remarks :  "If  we  find  hard  ground,  we  know  that  there 
must  be  something  to  prevent  the  accumulation  of  sedi- 
ment. Now  the  only  thing  that  prevents  this  is  a  cur- 
rent ;  and  one  help  that  telegraph  soimdings  have  given 
to  geographical  science  is,  the  indication  that  tidal  cur- 
rents exist  even  at  very  great  depths  in  the  open  sea.'' ' 

It  has  lately  been  pointed  out  that  in  early  geological 
times  the  rise  and  fall  of  the  tides  was  in  all  probability 
much  greater  than  it  is  at  present.  The  moon  has  been 
gradually  increasing  its  distcuace  from  the  earth,  and  when 
it  was  much  nearer,  its  tide-producing  power  will  have 
been  greater ;  and  greater  tides  would  enable  the  waves  to 
act  over  a  greater  vertical  space.  Hence  Mr.  G.  H.  Darwin 
and  Dr.  Ball '  conclude  that  marine  erosion  must  formerly 
have  proceeded  at  a  much  more  rapid  rate  than  at  present, 

'  **  Geology  of  the  Country  round  Croiner,''  Mem.  Geol.  Survey, 
1882,  pp.  43,  130. 

>  <<  Joum.  Soc.  Tel.  Engineers  "  1887,  p.  509. 

»  G.  H.  Darwin, "  Phil.  Trans./'  1879,  and  Dr.  Ball  m  "  Nature," 
vol.  xxvii.  p.  201. 
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but  it  is  hj  no  means  certain  that  such  a  conclusion  is 
warranted  by  the  facts.  We  have  seen  that  marine  ero- 
sion is  only  very  rapid  in  certain  cases  where  the  waves  at 
high  tide  beat  against  the  foot  of  a  line  of  cliffs,  and  that 
even  in  such  cases  the  rate  of  waste  dej^nds  greatly  on 
other  circumstances,  such  as  the  hardness  of  the  rocks,  the 
existence  of  springs,  and  the  work  of  rain  and  frost. 
Wherever  there  is  a  beach  below  the  cliffs,  the  waves  are 
engaged  in  hammering  this  beach  and  gpnnding  its  peb- 
bles into  sand  during  the  greater  portion  of  the  time  be- 
tween high  tides. 

Consequently  a  greater  rise  and  fall  of  the  tide  would 
not  do  much  toward  accelerating  the  waste  of  the  land, 
though  it  would  doubtless  create  stronger  currents,  and  so 
somewhat  increase  the  amount  of  submarine  erosion  in 
certain  localities. 

If  great  tides  mean  great  erosion,  then  we  ought  to  find 
some  evidence  of  such  a  result  at  those  places  where  great 
tides  now  exist.  The  Bay  of  Fundy  (where  the  tide  rises 
60  feet)  and  the  Bristol  Channel  (where  it  rises  40  feet) 
are  such  places,  but  their  shores  do  not  show  any  signs  of 
excessively  violent  or  rapid  erosion.  Cliffs  exist  in  both 
cases  at  about  high- water  mark,  and  below  them  lies  a  long 
stretch  of  gradiially  sloping  beach. 

The  recession  of  these  cliffs  is  no  doubt  great  in  some 
places,  but  no  one  has  yet  suggested  that  it  is  more  rapid 
than  at  other  places  where  rocks  of  a  similar  kind  are 
exposed  to  marine  erosion. 

Coast-ice. — In  high  latitudes  where  the  shallow  water 
along  the  coasts  is  frozen  every  winter,  a  particular  form  of 
ice  comes  into  play,  and  constitutes  an  erosive  and  detritive 
agency  of  no  mean  importance.  During  the  winter  a  thick 
and  often  broad  shelf  of  ice  is  gradually  formed  along  the 
shore,  its  thickness  increasing  with  every  tide,  until  it 
sometimes  reaches  a  height  of  30  or  40  feet,  and  its  sea- 
ward face  presents  the  appearance  of  a  bold  wall  of  ice. 

When  spring  comes,  landslips  occur,  and  tons  of  stones 
and  rock-hugments,  loosened  by  the  winter's  frost,  fall 

Zn  the  surface  of  the  ice-foot,  as  this  shelf  is  often  called, 
reover,  the  blocks,  stones,  and  shingle  which  rest  on 
the  shore  beneath  are  frozen  into  the  bottom  of  the  ice 
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and  become  part  of  its  mass.  The  ooast-ice  is  thus  charged 
with  a  load  of  stones  and  boidders  both  on  its  upper  and 
lower  surfaces,  just  in  the  same  way  as  glacier-ice  is,  only 
the  quantity  of  d^ris  is  probably  greater. 

As  the  thaw  proceeds  in  summer  time,  this  ice-foot  is 
broken  up  by  the  waves,  and  large  masses  are  driyen  on  to 
the  shore  during  storms,  crushing  and  grinding  the  rocks 
over  which  they  are  pushed ;  other  portions  are  separated 
from  the  coast  and  floated  out  to  sea,  forming  great  rafts 
or  floes,  each  with  its  load  of  rock  debris. 

Even  in  calmer  weather  it  is  clear  that  coast-ice,  having 
numerous  fragments  of  rock  fixed  in  it,  and  being  borne 
backwards  and  forwards  by  the  tide,  must  exercise  an 
enormous  grinding  and  grooving  action.  Both  the  stones 
themselves  and  the  sui^^ices  over  which  they  are  moved 
will  be  scratched  and  abraded,  and  much  mud  will  be  pro- 
duced by  the  process.  It  may  be  observed,  also,  that  a 
stone  fixed  in  the  ice-foot,  and  scratched  along  one  side  by 
contact  with  the  rock  below,  may  be  dropped  when  the  ice 
begins  to  thaw,  and  afterwards  ground  along  its  other 
sides  by  the  stones  still  fixed  in  the  ice  above,  so  that  it 
may  eventually  bear  scratches  all  over  it,  as  is  the  case 
with  so  many  stones  in  our  Boulder  clays. 

Speaking  of  ice-action  on  the  coasts  of  G-rinnell  Land, 
part  of  North  Greenland,  Messrs.  Fielden  and  De  Banco 
make  the  following  observations  :  * — "  Sea*ice  driven  on 
shore  by  gales,  or  moving  up  and  down  with  the  tides,  is  a 
very  potent  factor  in  glaciating  rocks  and  pebbles.  Along 
the  shores  of  the  Pole^  basin  this  process  of  glaciating  was 
seen  in  progress  by  one  of  us;  and  he  records  in  his 
'Journal'  that  at  the  south  end  of  a  small  island  in 
Blackdiff  Bay  (lat.  82'  30  N.),  the  bottom  of  the  ice  hum- 
mocks, some  8  to  15  feet  thick,  were  studded  with  hard 
limestone  pebbles,  which  were  rounded  and  scratched  as 
distinctly  as  others  taken  from  moraines  ;  when  extracted 
from  the  ice,  only  the  exposed  surfaces,  as  a  rule,  were 
glaciated.  As  the  tide  recedes  the  hummocks  do  not 
always  arrive  at  a  position  of  rest  without  some  distur- 
bances of  the  subjacent  material,  particularly  on  a  shelving 

*  "  Quart.  Joum.  Geol.  Soc.,"  vol.  xxxiv.  p.  566. 
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shore,  and  the  sliding  of  the  hummock  to  a  lower  level,  and 
the  sound  following  on  the  grating  together  of  the  pebbles 
beneath  may  be  noted.  In  many  places  where  gaps 
occurred  in  the  lines  of  ancient  sea-terraces,  the  basement 
rock,  as  well  as  some  of  the  pebbles  in  the  terraces,  were 
foimd  to  be  glaciated,  and  there  can  be  no  doubt  that  this 
is  due  to  the  action  of  shore-ice,  the  condition  of  the  ter- 
races precluding  the  idea  that  it  might  have  been  the 
result  of  glacier  action." 

An  illustration  of  the  action  of  such  ice  on  a  shelving 
shore  in  a  much  lower  latitude  is  mentioned  by  Dr.  Forch- 
hammer,^  who  states  that  during  a  hard  frost  in  February, 
1844,  sheets  of  ice  were  formed  in  the  Sound  between 
Sweden  and  Zealand,  and  some  of  these  were  driven  by  a 
storm  into  the  Bay  of  Taarbejik,  and  forced  up  on  the 
beach,  forming  a  mound  more  thsji  16  feet  high.  When 
he  visited  the  spot  next  day,  he  saw  "  ridges  of  ice,  sand, 
and  pebbles,  not  only  on  the  shore,  but  extending  far  out 
into  the  bottom  of  the  sea,  showing  how  greatly  its  bed 
had  been  changed,  and  how  easily,  where  it  is  composed  of 
rock,  it  may  be  furrowed  and  streaked  by  stones  firmly 
fixed  in  the  moving  ice/' 

To  the  action  of  such  masses,  but  still  more  to  that  of 
ground-ice  which  forms  on  shallow  bottoms,  and  contains 
stones  frozen  into  its  under  surface.  Professor  Forch- 
hammer  attributes  the  striation  of  the  rocky  surfaces 
round  the  shores  of  the  Baltic. 

When  to  the  ordinary  action  of  tides  and  winds  is  added 
the  impact  of  some  of  ike  large  masses  of  ice,  which  are  set 
loose  from  the  Arctic  regions  in  summer  time,  and  are 
often  driven  on  to  the  more  southern  coasts,  still  greater 
results  are  produced.  The  action  of  this  pack-ice  on  a 
shelving  shore  is  thus  described  by  Professor  Milne : " — 
'*  When  we  reflect  upon  the  immense  mass  in  one  of  these 
moving  fields  of  ice,  we  can  hardly  conceive  the  energy 
that  is  stored  within  it.  Everything  has  to  give  way  before 
it ;  and  the  coast-ice,  with  its  set  of  gravers  firmly  bedded 
in  its  base,  is  pushed  high  and  dry,  sometimes  as  much  as 

»  "  Bull.  See.  G^ol.  de  France,  1847,"  torn  iv.  p.  1182. 
'  '*  Geological  Magazine,"  Dec.  2,  vol.  ill.  p.  405. 
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100  yards  back  from  high-water  mark.  It  is  in  this  way, 
by  the  coming-in  of  the  northern  pack,  the  rise  and 
fall  of  the  tide,  and  other  causes,  that  the  land-ice  is 
driven  ashore,  and  many  of  the  scratches  and  grooves  so 
common  round  the  coast  of  Newfoundland  have  been 
made." 

Sir  George  Nares  observed  that  in  some  places  on  the 
coast  of  Grinnell  Land  huge  floe-bergs  and  ice-blocks  had 
been  forced  up  on  the  inclined  shore,  until  a  rampart-like 
barrier  of  solid  ice-blocks  was  accumulated,  measuring 
about  200  yards  in  breadth,  and  rising  50  feet  high.^ 

The  impact  of  this  floe-ice  seems  also  to  have  a  rounding 
and  moulding  effect  upon  such  islands  and  prominences  of 
rock  as  are  exposed  to  its  force,  producing  forms  which^  on 
a  large  scale,  resemble  the  rochea-mautanneeB  formed  by 
glaciers.  Professor  Milne  instances  a  small  islet  called 
Funk  Island,  near  Newfoundland,  which  is  situated  directly 
in  the  course  of  the  ice-floes  coming  southward  from  Baffin's 
Bay  and  Labrador.  "The  northern  end  of  this  island, 
which  has  every  year  to  face  the  pressure  of  the  vast  fields 
of  ice  which  are  borne  down  upon  it,  is  visibly  worn  down, 
and  covered  with  erratic  boulders,  whilst  the  opposite 
extremity  is  a  low  but  abrupt  diff." 

He  argues,  therefore,  that  much  of  the'  stratching  and 
modelling  which  has  hitherto  been  referred  to  the  action 
of  enormous  glaciers,  may  have  been  produced  by  the 
agency  of  coast-ice  and  floe-ice  acting  on  the  surface  of  the 
country  during  its  last  slow  emergence  from  the  sea. 

The  part  taken  by  these  ice-floes  in  transporting  and 
depositing  material  will  be  described  on  a  future  page. 

1  «i  Voyage  to  the  Polar  Sea,"  vol.  i.  p.  276. 
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CHAPTEE  XI. 

AT  the  commencement  of  Section  11.  it  was  stated  that 
in  considering  the  agencies  concerned  in  the  continual 
detrition  and  renewal  of  the  earth's  surface,  we  should  first 
describe  their  destructive  and  dispersive  effects,  reserving 
all  mention  of  their  reconstructive  effects  to  a  future 
section.  Accordingly  we  now  proceed  to  give  some  account 
of  the  manner  in  which  new  deposits  are  formed  out  of  the 
materials  obtained  by  the  several  agencies  already  de- 
scribed, and  to  indicate  the  nature  of  the  formations  thus 
produced.  These  may  be  divided  into  four  classes,  accord- 
ing to  the  conditions  under  which  they  have  been  accumu- 
lated, each  except  the  second  being  subdivided  into  three 
groups  according  as  they  owe  their  formation  to  mechanical 
agencies,  to  chemical  action,  or  the  growth  of  organic 
matter.  The  deposits  formed  by  rivers  and  glaciers,  how- 
ever, are  all  the  result  of  mechanical  action. 

This  classification  is  set  out  in  the  following  table : — 


Terrestrial 


Fluviatile 


Lacustrine 


Bain,  frost,  and  wind 
Springs  and  percolating 

water      .     .     . 
Worms  and  plants 

(   Bivers      .... 
Glaciers   .... 
Subsiding  sediment 
Evaporation  of  water 

I  Animal  agency  .     . 

V  Vegetable  agency  . 


Mechanical. 

Chemical 
Organic. 

>  Mechanical. 

Mechanical. 
Chemical. 

>  Organic. 
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Marine 


Subsiding  sediment  .     .  )  -m-    v     •    i 
A   i  •      ~e        .  >  Mecnajiical. 

Action  of  sea-ice    ...  J  »>^^^«"^- 

Evaporation  of  water     .     Chemical. 
Animal  agency ....     Organic. 


TEBBESTBIAIi   DEPOSITS. 

§  1. — MechinicaUy  formed. 

1.  Soil  and  Rain- wash. — It  was  shown  in  Chapter  VI. 
that  the  heat  of  the  sun,  the  fall  of  rain,  and  the  freezing 
of  water  exercise  a  powerful  effect  upon  the  surface  of  aU 
rocks  at  or  near  the  surface  of  the  earth,  and  lead  to  their 
gradual  decay  and  disintegration. 

In  temperate  and  humid  climates  rain  is  by  far  the 
most  potent  of  these  agencies;  acting  in  the  first  place 
chemically  by  means  of  the  acids  and  oxygen  which  it 
contains,  it  decomposes  and  dissolves  some  of  the  consti- 
tuents of  the  rocks  exposed  to  its  influence,  and  so  loosens 
the  coherence  of  their  constituent  particles  that  they  are 
rendered  soft  and  crumbling  to  a  greater  or  less  depth 
from  the  surface.  This  rotten  and  decomposed  portion  of 
the  rock  is  then  subjected  to  still  further  disintegration  by 
the  mechanical  action  of  the  falling  drops  of  rain,  and  the 
lighter  particles  are  eventually  washed  away  by  the  rills 
into  which  the  rain-drops  collect,  while  the  residue  remains 
to  form  the  soil  of  the  district. 

The  various  kinds  of  soil  which  mantle  the  earth's  sur- 
face, and  conceal  the  underlying  rock  or  subsoil,  have  been 
primarily  produced  in  this  way,  the  formative  action  being 
assisted,  as  we  shall  presently  see,  by  the  agency  of  plants 
and  earth-worms.  The  nature  of  the  soil,  therefore, 
depends  largely  upon  the  character  of  the  rock  beneath,  and 
is  heavy  or  light  according  as  argillaceous  or  arenaceous 
matter  preponderates  in  the  rock  from  which  it  has  been 
formed.  Its  quantity,  toa,  depends  partly  on  the  kind  of 
rock  acted  upon,  its  capacity  or  incapacity  of  resisting  dis- 
integrating agents,  and  partly  upon  the  contour  and  slope 
of  the  ground. 

It  has  been  ascertained  that  the  soil  has  everywhere  a 
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tendency  to  descend  from  higher  to  lower  levels:  wher- 
ever there  is  a  slope  the  soil  is  bodily  but  slowly  travelling 
from  the  top  to  the  bottom,  and  the  steeper  the  slope  the 
more  rapid  is  the  motion ;  so  that  in  vsdleys  and  bottoms 
where  it  is  not  carried  away  by  streams,  considerable  de- 
posits of  rain-wash  are  gradually  accumulated.  If  a  trench 
is  cut  down  the  side  of  one  of  our  English  valleys,  it  will 
.be  found  that  on  the  upper  slopes  the  soil  is  thin,  and  the 
subsoil  may  perhaps  be  within  six  inches  of  the  surface, 
while  lower  down  it  will  be  concealed  by  6  or  6  feet  of 
accumulated  rain- wash.  In  some  valleys  such  rain-wash 
is  thick  enough  to  be  dug  for  brick-earth.  In  other  places 
rain-wash  consists  of  loamy  sand  or  even  fine  gravel. 

Dr.  Darwin  made  some  interesting  experiments  with 
the  view  of  estimating  the  average  rate  at  which  the  soil 
moves,'  and  he  found  that  on  a  grass-covered  slope  with  an 
inclination  of  9j-  degrees,  2*4  cubic  inches  of  earth  (weigh- 
ing 1*85  oz.  whilst  damp),  annually  crossed  a  line  measuring 
one  yard  in  length.  *'  This  amount,"  as  he  says,  **  is  small, 
but  we  should  bear  in  mind  how  many  branching  valleys 
intersect  most  countries,  the  whole  length  of  which  must 
be  veiy  great,  and  that  earth  is  steadily  travelling  down 
both  turf-covered  sides  of  each  valley.  For  every  100 
yards  in  length  in  a  valley  with  sides  sloping  as  in  the 
foregoing  cases,  480  cubic  inches  of  damp  earth,  weighing 
above  23  lbs.,  will  annually  reach  the  bottom.  Here  a 
thick  bed  of  alluvium  will  accumidate,  ready  to  be  washed' 
away  in  the  course  of  centuries,  as  the  stream  in  the  middle 
meanders  from  side  to  side." 

On  steeper  slopes  the  motion  of  the  soil-cap  is  much  more 
rapid,  and  in  humid  climates  it  sometimes  becomes  very 
obvious.  Thus  Dr.  Coppinger  observes: — "The  most 
characteristic  feature  in  the  scenery  of  the  western  shores 
of  Patagonia  is  owing  to  the  phenomenon  of  '  soil  motion,' 
an  occurrence  which  is  here  in  a  great  measure  due  to  the 
exceptionally  wet  nature  of  the  climate.  This  slippage  of 
the  soil-cap  seems  in  this  region  to  be  continually  taking 
place  wherever  the  basement  rock  presents  a  moderately 
inclined  surface.  .  .  .  The  soil-cap  takes  with  it  in  its 

^  "  Vegetable  Mould  and  Earth  Worms,"  1881,  p.  269. 
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downward  progress  not  only  its  clothing  of  trees,  ferns, 
and  mosses,  but  also  a  '  moraine  prof onde '  of  rock-stones 
and  stems  of  dead  trees,  great  and  small,  whereby  the 
bills  are  being  denuded,  and  the  yalleys,  lakes,  and  channels 
gradually  filled  up."  * 

The  soil  is  a  thick,  mossy,  peaty,  and  spongy  mass,  and 
under  the  influence  of  graTitation,  aided  by  alternate  ex- 
pansion and  contraction,  this  slides  down  and  drags  with  it 
the  stones  and  boulders  in  the  subsoil,  till  it  reaches  the 
border  of  a  stream  or  the  sea-shore,  when  its  finer  portions 
are  carried  away  and  the  larger  contents  are  left  to 
accumulate. 

In  the  Falkland  Islands  are  some  curious  phenomena 
known  as  ''  stoTie'rivers  "  ;  these  are  deep  accumulations  of 
large  blocks  of  stone  which  occupy  the  bottoms  of  the 
Talleys,  and  though  the  gradients  are  slight,  they  move 
slowly  and  gradually  down  the  valleys  till  they  terminate 
in  the  sea  after  the  manner  of  a  glacier.  The  blocks  are 
deriyed  from  certain  bands  of  a  hard  rock,  called  quartzite, 
which  are  exposed  along  the  sides  of  the  hills  and  ridges'; 
every  little  glen  contributes  its  stream  of  angular  frag- 
ments to  swell  the  volume  of  that  in  the  main  valley.  The 
movement  appears  to  be  due  chiefly  to  the  motion  of  the 
spongy  soil-cap  on  which  they  rest,  aided  by  the  action  of 
the  trickling  rain-water,  which  flows  among  and  below  the 
stream  of  blocks,  and  by  the  effects  of  alternate  expansion 
and  contraction  of  the  blocks  themselves. 

Mountain  Screes  and  Breccias. — In  hilly  and 
rocky  districts,  the  materials  accumulated  by  the  action  of 
rain  and  frost  are  much  coarser  than  ordinary  soils,  and 
form  deposits  of  angular  gravel,  which,  in  limestone  regions, 
are  sometimes  cemented  by  the  infiltration  of  carbonate  of 
lime,  and  converted  into  what  is  called  breccia. 

In  mountain  districts  every  steep  slope  or  cliff  has  its 
talus  of  fallen  fragments  produced  by  the  agencies  men- 
tioned in  Chap.  VI.  They  are  frequently  of  great  length  and 
breadth,  and  good  examples  may  be  seen  in  the  hill  dis- 
tricts of  England  and  Scotland,  where  they  are  called  screes. 

*  "Cruise  of  the  Alert,'*  p.  77,  and  "  Quart.  Joum.  Geol.  Soc," 
vol.  xzxvii.  p.  348. 
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The  enormous  accumulations  of  d^ris  among  the  Bockj 
Mountains,  forming  talus  slopes  4,000  feet  long,  and  1,000 
feet  thick,  have  already  been  mentioned  (p.  104). 

The  materials  of  a  talus  or  d^ris  slope  are  alwavs 
travelling  downward,  being  moved  not  only  by  gravitation, 
rain  and  snow,  but  by  the  mere  alternations  of  tempera- 
ture which  on  an  exposed  hill-side  are  often  very  great. 
When  a  stone  resting  on  a  slope  is  heated  by  the  sun,  its 
greatest  expansion  is  in  the  direction  of  least  resistance, 
that  is  along  the  downward  side  or  edge;  again,  when 
cooled  at  night,  its  own  weight  prevents  it  from  contract- 
ing so  much  upwards  from  the  bottom  as  downwards  from 
the  top ;  both  forces,  therefore,  tends  to  cause  a  slight 
downward  movement  of  the  stone. 

In  North  Carolina,  U.S.A.,  there  are  extensive  spreads 
of  angular  d^ris,  which  have  been  described  by  Mr.  W. 
C.  Kerr.  Some  of  the  rock-fragments  of  which  they  are 
composed  have  travelled  a  distance  of  6  miles  from  their 
parent  sites,  and  now  occur  at  the  bases,  or  on  the  lower 
slopes  of  the  mountains  whence  they  have  been  derived. 
"  They  have  crept  down  the  declivities  of  the  hills,  exactly 
as  a  glacier  descends  an  Alpine  valley,  by  successive  freezing 
and  thawing  of  the  whole  water-saturated  mass,  both  the 
expansion  of  freezing  and  gravitation  contributing  to  the 
downward  movement."  ^  Snow  also  falling  on  such  talus- 
slopes,  and  melting  in  the  summer,  would  assist  in  giving 
motion  to  the  mass. 

Sir  A.  Bamsay  acounts  for  the  formation  of  the  lime- 
stone breccias  of  Gibraltar  in  the  same  way.'  These  consist 
of  "  an  accumulation  of  angular  blocks  of  limestone  em- 
bedded in  a  matrix  of  calcareous  grit  and  earth,  the  whole 
forming  a  rock-mass  as  solid  as  the  Gibraltar  limestone 
itself.  It  varies  in  thickness  from  a  few  feet  up  to  30  or 
40  vards.  This  is  an  old  deposit,  but  he  also  describes  a 
more  recent  one  which  has  a  similar  composition,  and 
occupies  the  position  shown  in  fig.  51. 

In  this  and  other  cases,  where  a  coast-line  has  been 
elevated  the  angular  fragments  and  d^ris  of  all  sizes 

^  "  Report  of  the  Geol.  Survey  of  North  Carolina,"  vol.  L  p.  156. 
'  "Quart.  Joum.  Geol.  Soc.,*^  vol.  xxxiv.  1878,  p.  506. 
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limestones,  which  are  wasted  chieflj  by  chemical  auction, 
the  insoluble  residue  remains  on  the  surface  of  the  parent 
rock,  wherever  the  slopes  are  not  steep,  and  forms  the 
superficial  soil.  Thus,  some  chalk  districts  in  the  South 
of  England  are  covered  with  a  peculiar  soil,  called  the  day 
with  flints,  the  formation  of  which  is  explained  as  follows : 
— White  chalk  is  nearly  pure  carbonate  of  lime,  the  per- 
centage being  from  96  to  98,  with  only  1  or  2  of  insoluble 
matter ;  but  it  contains  nodules  of  flint,  which  are  like- 
wise insoluble.  The  carbonate  of  lime  is  slowly,  but  con- 
tinually, removed  in  solution  by  rain-water,  and  the  insoluble 
residue  gradually  accumulates,  forming  a  reddish  loamy  or 
clayey  soil,  full  of  flints.  It  is  difficult  however  to  separate 
the  soil  formed  in  this  way  from  that  derived  from  the 
reddish  loams  and  clays  which  once  overlay  the  English 
Chalk.  This  difficulty  has  led  some  geologists  to  deny  the 
truth  of  the  view  that  any  clay  with  flints  has  been  formed 
from  the  chalk,  but  the  undoubted  fact  that  similar  red 
soils  occur  on  limestone  plateaux  all  over  the  world  is  a 
proof  that  they  are  so  formed. 

Such  red  earths  are  found  in  the  hollows  and  channels 
of  the  Karren-felder  mentioned  on  p.  88,  and  over  the 
limestone  districts  of  Istria  and  Dalmatia,  where  it  is 
known  as  terra  rosea.  The  same  material  forms  the  soil 
of  the  limestone  plateaux  of  the  Morea,  and  deep  accu- 
mulations of  it  occur  in  places  where  it  has  been  washed 
into  hollows  and  depressions ;  in  the  rainy  season  all  the 
streams  are  heavily  charged  with  the  red  earth  which  has 
been  washed  into  them,  and  this  is  carried  down  into  the 
haiavothra,  described  on  p.  118.  The  limestone  districts  of 
the  Southern  States  of  Ainerica  are  everywhere  covered  by 
similar  red  residual  clays. 

Jamaica  also  affords  a  good  illustration  of  the  way  in 
which  red  soils  result  from  the  subaerial  detrition  and 
solution  of  large  tracts  of  limestone.  Thick  white  lime- 
stones occupy  more  than  half  the  surface  area  of  this  island, 
and  form  plateaux  which  are  from  2,000  to  3,000  feet 
above  the  sea,  and  on  which  all  the  phenomena  which  such 
districts  usually  exhibit  are  developed  on  a  conspicuous 
scale ; — deep  red  soils,  calcareous  breccias,  deeply  eroded 
rocks,  swallow-holes  and  subterranean  caverns.   The  higher 
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raised  coral-reefs  of  Barbados  ajre  also  covered  with  a  deep 
soil  of  red  loamy  clay. 

The  Bermuda  Isliuids  in  the  Atlantic  afford  another  in- 
stractive  instance.  Except  where  covered  by  blown  sand 
the  surface  rock  of  these  islands  is  recent  coral  limestone, 
and  it  is  eYeryT.here  covered  by  a  red  residual  clay  formed 
from  the  solution  of  the  limestone.  Sir  Wyville  Thomson 
has  given  analyses  of  this  clay  and  of  the  coral  rock  from 
which  it  has  been  derived,  and  these  show  how  relatively 
small  are  the  quantities  of  the  clay-forming  materials  in 
the  original  rock.' 


Constituents. 


Combined  water  and  moisture 
Silica  (as  sand  and  clay)    .     . 

Alumina 

Peroxide  of  iron 

Lime 

Carbonic  acid 

Sulphuric  acid 

Magnesia 

Potash  and  soda 

Phosphoric  add 


Red  Soil. 


18-265 

45156 

15-473 

13-898 

3-948 

2-553 

Trace 

0-539 

0-140 

0-704 


100-656 


Coral  Rock. 


} 


0-328 
0052 

0-540 

54-496 
44-521 
0-214 
1-751 
0-318 
0080 


102-300 


ULr./f.  C.  Bussell  has  collected  and  discussed  the  analyses 
of  some  of  the  American  red  soils,  and  thinks  they  may 
be  regarded  as  impure  ferruginous  kaolins.'  They  differ 
from  ordinary  days  which  have  been  formed  by  mechanical 
disintegration  and  transx>ort  in  the  following  particulars : 
they  contain  larger  proportions  of  iron  and  combined  water, 
they  consist  mainly  of  fine  amorphous  matter,  compara- 
tively free  from  the  crystalline  particles  which  are  so  nume- 
rous^in  ordinary  clayVand  bricr^hs. 

^  '<  Voyage  of  the  ChaUenger,"  vol.  L  p.  325.  Bat  I  have  quoted 
the  recalculated  analyses  given  by  Mr.y/.  C  Rnssell  in  *'  Bull.  U.S. 
GeoL  Survey,"  No.  A. 

«  "  BuU.  U.S.  Geol.  Survey,"  No.  62,  p.  40. 
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Laterite . — This  material  may  be  considered  here,  thougli 
its  mode  of  formation,  being  rather  uncertain,  it  might  be 
given  under  a  different  heading.  Laterite  is  a  highly  fer- 
ruginous clay,  generally  of  a  brick-red  colour.  The  per- 
oxide of  iron  is  sometimes  present  in  such  quantity  that  it 
forms  concretionary  nodules  of  pisolitic  iron  ore  containing 
30  to  40  per  cent,  of  metallic  iron.  When  freshly  dug  it 
is  soft,  and  may  be  cut  into  blocks  which  harden  on  expo- 
sure to  the  air  and  form  a  durable  building  stone. 

Laterite  is  largely  developed  in  India,  especially  on  the 
Deccan  plateau,  where  it  is  sometimes  150  or  200  feet  thick. 
Several  explanations  of  its  formation  have  been  suggested. 
Sir  Charles  Lyell  thought  it  resulted  from  the  decomposi- 
tion of  a  deposit  of  volcanic  dust.  Others  regard  it  as  a 
product  of  the  decomposition  of  highly  ferruginous  igneous 
rocks,  such  as  basalt;  and  this  probably  has  often  been 
its  origin,  for  lateritic  soils  are  especially  thick  where 
basalt  forms  the  underlying  rock,  and  they  are  confined 
to  tropical  and  subtropical  countries  where  there  is  .a 
luxuriant  vegetation. 

Organic  acids  formed  from  decomposing  vegetable  matter 
and  carried  down  in  rain-water  are  doubtless  active  agents 
in  its  production;  and  their  action  is  increased  by  the 
climatic  influences  of  such  regions,  and  especially  by  the 
alternating  periods  of  heavy  rain  and  excessive  heat,  which 
are  so  highly  calculated  to  induce  a  rapid  disintegration  of 
any  rock  exposed  to  them.  For  not  omy  is  there  an  ample 
supply  of  percolating  water  at  one  time  of  the  year,  but 
the  heat  of  the  dry  season  draws  some  of  the  underground 
water  up  again,  and  by  its  gradual  evaporation  in  the  sur- 
face soil  causes  it  to  deposit  the  iron  it  has  leached  out  of 
the  rock  below  in  the  form  of  the  peroxide. 

StiU,  this  will  not  account  for  all  laterites,  some  of  which 
are  considered  by  Mr.  Blanf  ord  to  be  true  detrital  deposits 
of  various  ages.^  He  points  out  that  they  often  rest  on 
gneiss  and  other  rocks,  and  that  their  seeming  passage 
down  into  these  rocks  maybe  due  to  infiltration  of  iron  from 
the  laterite. 

'  See  **  Mfumal  of  the  Geology  of  India,"  by  Meddlicot  and 
Blanford. 


CHAP.  XI.]  TERRESTRIAL  DEPOSITS.  197 

Cave  Earth,  &c. — Wlieii  brooks  and  torrents  are  en- 
gulphed  in  open  fissures  and  swallow-holes,  the  earthy 
materials  which  they  carry  along  in  mechanical  suspension 
are  deposited  underground  in  the  hollows  of  their  sub- 
terranean channels.  Thus  the  torrents  of  the  Morea  are 
usually  charged  with  reddish  mud,  sand,  and  pebbles, 
when  they  enter  the  katavothra,  but  are  pure  and  limpid 
when  they  flow  out  again.  Inside  the  caverns  are  foimd 
deposits  of  red  mud,  containing  pebbles  and  bones  of 
various  animals  which  had  been  washed  in  during  the 
floods.  Similar  beds  have  been  found  in  the  caves  of 
Malta  and  Gibraltar. 

In  most  caverns,  pieces  of  rock  are  from  time  to  time 
detached  from  the  roof,  and  the  fragments  are  then  em- 
bedded in  the  deposit  forming  below,  which  is  frequently 
hardened  by  calcareous  infiltrations,  and  converted  into 
breccia.  Such  breccias  are  generally  formed  on  the  rocky 
floor  of  caverns,  and  are  often  overlaid  by  deposits  of  fine 
earth  and  loam,  washed  in  through  the  cracks  and  passages 
communicating  with  the  surface  of  the  ground.  These 
cave-earths  are  often  many  feet  in  thickness,  and  contain 
the  bones  of  creatures  which  have  inhabited  the  cave,  or 
have  been  dragged  in  by  beasts  of  prey. 

Kaolin. — ^The  formation  of  kaolin  clay  from  granite  is 
an  excelletit  instance  of  the  disintegration  of  a  rock  and  the 
reconstruction  of  its  materials.  The  mode  in  which  the 
felspar  of  the  granite  is  decomposed,  has  already  been  de- 
scribed (p.  91).  The  silicate  of  potash  is  removed  in  solu- 
tion by  rain-water,  and  the  silicate  of  alumina  is  carried 
away  in  suspension.  The  latter,  when  re-deposited  in 
hollows  and  valleys,  forms  the  valuable  beds  of  kaolin  or 
china-clay,  a  hydrated  silicate  of  alumina.  Such  deposits 
contain  grains  of  quartz,  scales  of  mica,  and  other  impuri- 
ties, which  are  separated  by  washing  before  the  clay  is  ex- 
ported to  the  potteries.  Large  deposits  of  kaolin  occur  in 
Cornwall  and  other  granitic  districts. 

Loess. — ^In  many  coimtries  the  wind  plays  an  im- 
portant part  as  a  distributer  of  material,  and  in  tbe  for- 
mation of  certain  terrestrial  deposits.  Dust-storms  on  a 
small  scale  often  occur  in  the  English  fenland  during  dry 
springs  and  summers,  and  occasionally  a  field  has  been 
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entirely  stripped  of  its  surface  soil  and  of  the  seed  sown  in 
it.  Sand  storms  occur  in  West  Norfolk,  and  on  the 
western  side  of  the  Wolds  in  North  Lincolnshire. 

Where  the  soil  is  dried  and  desiccated  bj  the  sun  during 
the  whole  or  greater  part  of  the  year,  dust-storms  are  of 
frequent  occurrence,  and  lead  to  the  formation  of  enor- 
mous accumulations  of  dust.  The  loess  of  central  Europe 
and  of  China,  the  black  earth  of  the  Eussian  steppes,  and 
the  deep  soils  of  Manitoba  and  Nebraska  in  North 
America,  are  all  believed  to  be  ceolian  or  wind-made 
formations. 

The  European  loess  is  a  homogeneous  yellowish  or  light 
brown  calcareous  loam,  breaking  vertically,  without  any 
tendency  to  split  into  horizontal  layers,  containing  only 
bones  and  shells  of  terrestrial  creatures,  and  penetrated 
by  thin  tubules  of  carbonate  of  lime,  which  look  as  if  they 
had  originally  coated  the  roots  of  plants.  This  deposit 
extends  up  to  great  elevations,  to  4,000,  and  in  the  Car- 
pathians even  to  5,000  feet,  while  on  lowlands,  as  in  the 
valley  of  the  Bhine,  it  is  sometimes  more  than  200  feet 
thick.  The  black  earth  of  Russia  has  similar  characters, 
l;>ut  the  surface  portion  is  mixed  with  vegetable  matter, 
which  gives  it  a  black  colour.  Underneath  it  is  of  the  same 
brownish  hue. 

In  North  China  loess  deposits  occur  on  an  enormous 
scale,  being  in  some  places  from  1,000  to  1,500  feet  thick, 
and  forming  extensive  plateaux  at  levels  of  7,000  or  8,000 
feet  above  the  sea.  Just  as  in  Europe,  the  deposit  exhibits 
no  stratification,  but  has  a  strong  tendency  to  cleave  along 
vertical  planes,  so  that  it  readily  yields  to  the  erosion  of 
running  water.  These  plateaux  are  in  consequence  trenched 
by  a  system  of  gulches  and  valleys,  which  present  special 
and  peculiar  outlines,  and  form  a  curious  type  of  scenery. 
The  material  falls  in  vertical  slices  which  are  easily  broken 
up  and  removed  by  the  streams,  so  that  the  walls  of  the 
valleys  are  perfectly  vertical,  and  there  is  often  a  con- 
siderable space  of  level  ground  between,  with  here  and  there 
an  isolated  mass  or  pillar  which  has  escaped  destruction. 
Bichthofen  describes  some  of  these  walls  as  500  feet  high, 
and  as  affording  habitation  to  the  people  of  the  country, 
who  excavate  chambers  in  the  soft  and  yet  firm  material. 
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The  ground  above  recedes  in  a  series  of  steps  with  vertical 
faces,  and  tributary  gullies  enter  the  main  valley  and 
exhibit  similar  features  for  some  distance  as  they  ramify 
through  the  country  (see  fig.  52). 

The  manner  in  which  these  deposits  have  originated  has 
been  much  discussed,  but  the  only  satisfactory  explana- 
tion is  that  of  Bichthofen,  who  regards  them  as  the  result 
of  dust-storms.  Perhaps,  however,  he  has  laid  too  much 
stress  on  the  necessity  of  arid  conditions,  and  too  Httle  on 
that  of  damp  surfaces ;  the  material  must  have  come  from 
dry  surfaces  and  have  settled  on  damp  surfaces,  where  a 
certain  amount  of  vegetation  existed,  and  small  land  shells 
were  able  to  live.  ^Hie  conditions  which  led  to  the  accu- 
mulation of  such  huge  deposits  in  China  and  in  Europe 
have  passed  away ;  but  are  still  prevalent  in  some  parts  of 
central  Asia,  l^us  in  Khotan  the  sim  is  often  obscured 
by  clouds  of  fine  dust,  and  where  this  falls  a  coat  of  yellow 
sidiment  is  spread  oyer  the  ground.  The  inhabWts  saj 
that  it  not  only  deepens  the  soil,  but  renders  it  more  fertile, 
and  they  regard  it  as  a  manure  of  the  greatest  value.^ 

Blown  Sand. — The  sands  blown  o£E  the  shore  by  the 
wind  drift  into  ridges  and  undulating  tracts,  called  dtmes, 
which  often  spread  over  considerable  areas.  On  many 
shores  these  drifts  continually  advance  inland  and  cover 
up  fertile  districts  with  barren  sand ;  in  other  places  the 
dimes  form  a  bar  across  the  mouth  of  some  estuary,  and 
cause  the  accumulation  of  silt  inside  which  may  eventually 
become  habitable  land. 

As  an  instance  of  the  former  effect,  the  sand-drifts  of 
the  north  coast  of  Cornwall  may  be  cited ;  these  have  in- 
vaded a  considerable  area  of  cultivated  land,  and  now  form 
hills  several  hundred  feet  above  the  sea-level.  This  sand 
is  largely  composed  of  comminuted  shells,  and  some  parts 
of  it  are  being  converted  into  stone  by  the  infiltration  of 
carbonate  of  lime  and  oxide  of  iron. 

Of  the  latter  effect  there  are  many  instances  on  our 
eastern  coast.  Thus  in  Norfolk,  between  Eccles  and 
Winterton,  hills  of  blown  sand  have  barred  up  and  ex- 

^  The  Btndent  will  find  the  orisin  of  the  loess  discussed  in  detail 
by  Baron  Richthofen  and  Mr.  Howorth,  **GeoL  Mag.,"  Dec.  2, 
vol.  ix. 
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eluded  the  tide  fitAn  manj  small  estuaries.  At  Winterton 
there  is  an  inland  cliff  ahout  a  mile  long  and  some  distance 
from  the  sea.  Again,  from  Happisburgh,  southwards, 
hills  of  blown  sand  extend  as  far  as  Yarmouth,  where  they 
spread  out  into  extensive  dunes. 

In  France,  along  the  shores  of  the  Bay  of  Biscay,  the 
sands  used  to  advance  inland  at  the  rate  of  60  or  70  feet 
per  annum,  overwhelming  houses  and  farms  in  their  pro- 
gress, but  this  has  been  arrested  by  the  planting  of  pine 
forests. 

Accumulations  of  blown  sand  are  frequent  on  the  coasts 
of  Australia.  Mr.  Jukes  ^  describes  an  instance  on  the 
eastern  coast  near  Fort  Bowen,  where  large  sandbanks  are 
exposed  at  low  water.  "  These  dry  rapidly  under  the  hot 
sun  and  the  trade- wind,  which  blows  home  upon  the  shore, 
then  drifts  the  sand  up  upon  the  beach,  and  piles  it  into 
hills  50  or  60  feet  high.  Behind  these  hills  is  a  large 
mangrove  swamp,  which  is  being  gradually  buried  under 
the  advancing  sand.  .  .  .  Large  districts,  with  hills  of  200 
or  300  feet  in  height,  are  found  also  on  the  coasts  of 
Western  Australia,  stretching  sometimes  ten  miles  inland, 
formed  of  loose  incoherent  sand,  once  apparently  drifted 
by  the  wind,  though  now  brought  to  rest  by  the  growth  of 
a  wide-spread  forest  of  gum-trees.  Parts  of  these  sands, 
which  consist  greatly  of  grains  of  shells  and  corals,  are 
compacted  together  into  a  stone,  hard  enough  to  be  used 
for  building,  by  the  action  of  the  rain-water  dissolving 
some  of  the  carbonate  of  lime,  and  re-depositing  it  on 
evaporation." " 

Tracts  of  blown  sand,  however,  are  not  confined  to  the 
vicinity  of  sea- shores ;  they  are  frequent  in  the  deserts  of 
Africa  and  Arabia,  where  they  are  formed  from  the  dis- 
integration of  sandstones  and  arenaceous  limestones.  Many 
of  the  ancient  temples  of  Egypt  have  been  buried  under 
drifts  of  sand,  and  the  whole  Egyptian  valley  would, 
doubtless,  have  been  overwhelmed  by  the  desert-sands  if 
it  had  not  been  for  the  annual  flooding  of  the  country  by 
the  Nile.   In  Southern  India,  in  the  district  of  Tinnevelly, 

^  Jakes* ''  Manual  of  Greology,"  second  edition,  pp.  154,  155. 
'  For  an  interesting  instance  of  travelling  sands  r^id  Sir  Wy  ville 
Thomson's  account  of  those  in  Bermuda,  in  his  "  Atlantic,"  vol.  i. 
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a  sand-drift  is  described  as  advancing  in  a  progressive 
wave  and  overwhelming  fields  and  villages  in  its  course. 
These  sand-hills  are  being  gradually  driven  from  W.N.W. 
to  E.S.E.,  that  being  the  direction  of  the  prevailing  winds 
in  the  regions  where  they  are  situated.  A  comparison 
between  surveyor's  marks,  fixed  at  various  times  since  the 
year  1808,  shows  that  the  whole  mass  of  hills  is  moving 
E.S.E.  at  the  rate  of  about  51  feet  a  year.  Efforts  to 
arrest  the  drift,  by  planting  trees,  grass,  and  creepers,  have 
as  yet  proved  unavailing. 

§  2.  ChemieaUy-formed  Deposits, 

We  have  seen  that  all  percolating  water  is  able  to  dis- 
solve certain  portions  of  the  rocks  through  which  it  makes 
its  way,  and  to  hold  these  substances  in  solution  until  it  is 
evaporated. 

When  water  containing  carbonate  of  lime  or  other  salts 
in  solution  is  exposed  to  evaporation,  each  drop  loses  both 
water  and  carbonic  acid,  and  becomes  gradually  saturated 
with  the  mineral  matter,  till  it  can  no  longer  hold  it  in 
solution.  Consequently,  if  the  evaporation  is  continued 
beyond  this  saturation  point,  some  of  the  dissolved  carbo-^ 
nate  must  be  deposited  in  a  solid  form  on  the  surface* 
from  which  evaporation  takes  place.  Deposits  formed  in 
this  manner  may  be  considered  under  three  heads:  (1) 
Surface  incrustations  ;  (2)  Cavern  deposits  ;  (3)  Deposits 
from  springs. 

1.  Surface  Incrustations. — The  action  of  capillarity 
in  soils  and  rocks  has  hardly  yet  been  sufficiently  con- 
sidered by  geologists.  Water  falling  on  dry  ground  is 
conducted  downward  by  capillary  action  until  it  reaches 
that  portion  of  the  rock  which  is  saturated  with  water, 
that  is,  the  surface  of  the  subterranean  water-level.  When 
rain  is  not  falling,  and  the  soil  is  being  dried  by  evapora- 
tion from  the  surface,  a  reverse  movement  is  set  up,  and 
water  is  drawn  upward  from  the  reservoir  below,  ascend- 
ing by  capillary  action  and  passing  into  vapour  at  the 
surface.  The  vaporization  of  moisture  from  the  surface  of 
the  ground  is  always  visible  on  a  hot  summer's  day,  and 
it  is  the  ascent  of  water  from  below  that  keeps  the  soil 
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moist  in  dry  weather  below  the  few  inches  of  earth  which 
are  baked  dry  and  hard.  The  capillary  power  of  soils  and 
rocks  is  ^eater  in  proportion  to  their  fineness  of  grain, 
and  the  consequent  minuteness  of  the  pores  or  spaces  be- 
tween the  component  particles.  Thus  dry  clay  or  chalk 
will  take  up  water  more  rapidly  than  dry  sandstone,  and 
will  part  with  it  by  evaporation  more  slowly. 

It  is  obvious  that  as  the  ascending  water  is  evaporated, 
the  salts  which  it  holds  in  solution  will  be  deposited  in  the 
soil  or  on  the  ground.  Thus  it  is  said  that  in  some  parts 
of  Greece,  after  the  rainy  season  has  ended  and  rapid 
evaporation  has  set  in,  saline  matters  rise  to  the  surface 
in  such  quantity  that  the  herbage  is  gradually  killed  by 
them,  and  only  the  very  robust  plants  continue  to  grow. 

Darwin  has  explained  the  incrustations  of  salt  which 
occur  on  some  of  the  mud-plains  and  pampas  of  La  Plata 
by  this  action.  After  rain  the  salts  disappear,  and  all  the 
water-puddles  are  saline,  but  in  dry  weather  the  plain  is 
covered  with  a  crust,  which  is  found  to  consist  partly  of 
sulphate  and  partly  of  chloride  of  soda.' 

Mr.  Maw  has  described  a  curious  calcareous  deposit  in 
Marocco,  a  hard  tufaceous  crust,  which  forms  a  sheet-like 
covering  over  a  large  area  of  country.  It  varies  in  thick- 
ness from  a  few  inches  to  two  or  three  feet,  and  when 
broken  often  exhibits  a  banded  agatescent  structure.  The 
underlying  strata  are  soft  limestones.  Mr.  Maw  refers 
its  formation  **  to  the  intense  heat  of  the  sun  drawing  up 
water  charged  with  soluble  carbonate  of  lime,  and  d^ing 
it  layer  by  layer  on  the  surface.  The  rapid  alternations 
of  heavy  rains  and  scorching  heat  which  take  place  on 
the  Marocco  plain,  are  conditions  favourable  to  this 
phenomenon." 

2.  Cavern  Deposits. — Stalactite  and  Stalagmite, — 
Drops  of  water  hanging  from  the  roof  of  a  limestone 
cavern  are  often  coated  over  with  a  delicate  film  of  carbo- 
nate of  lime,  like  the  finest  tissue-paper.  This  gradually 
forms  a  little  tube,  which  may  be  seen  sometimes  to  ac- 
quire a  length  of  some  inches,  still  retaining  all  its  fra- 
gility, until  water   trickling   down    the    outside    of   it, 

^  "  Geological  Observations  on  Sonth  America,"  chap,  iii 
*  **  Quart  Jonm.  Geol.  See.,"  vol.  xxviii.  p.  89. 
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strengthens  it  by  the  addition  of  successiye  external  coats. 
TJltimatelj  such  tubes  will  form  long  icicle-like  pendants, 
which  are  called  Stalactites  and  grow  downward,  while 
the  drops  which  fall  upon  the  floor  result  in  an  upward 
growth,  called  Stalagmite  ;  and  if  the  two  ultimately  unite 
a  solid  column  of  crystalline  rock  is  produced.  The  name 
stalagmite  is  also  applied  to  the  sheets  of  the  same  mate- 
rial which  are  formed  upon  the  sides  and  floor  of  the 
cavern  (see  fig.  32,  p.  11^);  these  often  alternate  with 
layers  of  earth  and  sand  brought  down  by  underground 
waters,  so  that  the  cayem  is  half-filled  with  deposits  of 
various  kinds.  The  following  beds,  numbered  from  below 
upwards,  were  found  to  exist  in  Kent's  Hole  near 
Torquay : — 

5.  Black  Mould  at  surface. 

4.  Granular  Stalagmite. 

3.  Cave  earth. 

2.  Crystalline  Stalagmite. 

1.  Breccia  of  rock  fragments. 

Sometimes  in  small  caves  the  upper  layers  of  stalagmite 
are  so  thick  as  nearly  to  reach  the  roof,  and  small  holes 
and  fissures  are  often  completely  filled  with  crystalline  car- 
bonate of  lime. 

3.  Deposits  from  Spring- Waters. — Some  springs 
are  so  saturated  with  carbonate  of  lime  that  as  soon  as  they 
issue  into  the  air  they  deposit  layers  of  limestone,  which,  and 
when  soft  and  friable,  is  called  Tufa,  and  when  hard  is 
called  Travertine  or  Tihurgtone,  A  notable  instance  of  a 
tufa  deposit  has  been  described  by  Mr.  Maw  as  occurring 
in  a  ravine  cut  through  the  limestone  hills  near  Caerwys 
in  Flintshire.'  The  tufa  extends  up  the  valley  in  terrace- 
like ranges  for  three-quarters  of  a  mile,  and  is  in  places 
more  than  20  feet  deep.  It  is  for  the  most  part  of  a  soft 
marly  nature,  enclosing  harder  masses,  which  appear  to 
have  accumulated  round  plant  remains,  and  it  contains 
land  and  freshwater  shells  in  abundance.  A  cavern  lined 
with  stalagmite  occurs  just  above  one  of  the  tufa  beds  and 
seems  to  have  given  issue  to  the  water  which  deposited 
them,  but  none  now  runs  through  it ;  and  a  stream  from  a 

»  "  Geol.  Mag.,"  vol.  iii  p.  254. 
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source  higher  up  the  valley  has  cut  a  channel  from  15  to 
20  feet  deep  through  the  tufa  beds. 

Striking  examples  of  travertine  deposits  occur  at  the 
Baths  of  San  Yignone  and  San  Filippo  in  Tuscany.^  At 
the  former  place  a  lai^e  mass  of  travertine  descends  the 
hill  whence  the  spring  issues,  and  extends  for  the  distance 
of  more  than  half  a  mile.  One  stratum  of  it  is  15  feet 
thick,  and  is  so  compact  that  it  serves  as  an  excellent 
building  stone.  At  San  Filippo  the  water  which  supplies 
the  baths  falls  into  a  pond  where  it  has  been  known  to  de- 
posit a  solid  mass  30  feet  thick  in  about  20  years.  The 
mass  which  descends  the  hill  here  is  a  mile  and  a  quarter 
in  length,  a  third  of  a  mile  in  breadth,  and  in  some  places 
attains  a  thickness  of  250  feet.  This  deposit  is  abruptly 
cut  off  by  a  small  stream  which  carries  much  away  in  so- 
lution to  be  utilized  or  deposited  elsewhere. 

It  has  been  ascertained,  however,  that  travertine  is  not 
always  due  to  mere  evaporation  of  water,  and  that  some 
deposits  formed  in  the  water  of  hot  springs  are  mainly 
due  to  the  growth  of  a  jelly-like  alga,  which  has  the  power 
of  eliminating  carbonate  of  lime  from  the  water,  probably 
by  absorbing  the  carbonic  acid  which  held  it  in  solution. 
Ihr.  Ferd.  Cohn  in  1862  ^  showed  that  this  was  the  case 
with  the  Sprudelstein  of  Carlsbad  (see  p.  114) ;  he  found 
that  a  jelly-like  alga  spread  over  the  channels  in  which 
the  water  flowed,  and  that  when  squeezed  little  hard 
grains  could  be  felt  in  its  substance.  Microscopical  exami- 
nation showed  these  to  be  grains  of  carbonate  of  lime,  which, 
originating  as  minute  crystals,  grew  by  accretion  into 
grains  and  clusters,  and  eventually  amalgamated  to  form 
solid  layers. 

This  has  recently  been  confirmed  by  Mr.  W.  H.  Weed, 
of  the  United  States  Geol.  Survey,  who  found  a  similar 
growth  in  the  water  of  the  Mammotii  Hot  Springs  of  the 
Yellowstone  Park.  He  describes  the  alga  as  growing  in 
layers,  each  containinir  little  crystals  and  stellate  accre- 
tions  which  grow  mto^nB.  as  LteA by  Cohn ;  the  grains 
being  plainly  visible  in  freshly  formed  layers  of  tufa,  but 
indistinguishable  in  the  older  layers,  where  the  grains  are 

*  Lyell's  "  Principles  of  Greology,"  tenth  edition,  vol.  1.  p.  400. 
'  *'  Abhand.  Schles.  Gesell.  Naturwiss,"  part  ii  p.  35. 
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cemented  together,  and  the  oolitic  structure  is  lost.  This 
cementation  of  the  grains,  and  of  the  laminm  containing 
them  forms  a  firm  more  or  less  compact  mass  of  tra- 
vertine. 

Gypsum, — Sulphate  of  lime  is  also  deposited  from  some 
thermal  waters.  Certain  springs  in  Iceland  contain  nume- 
rous sulphates  in  solution  which  have  all  been  obtained 
from  the  decomposition  of  the  volcanic  tuff  in  the  neigh- 
bourhood bj  the  acids  dissolved  in  the  water. 

Professor  Bunsen  found  that  if  this  tuff  was  pulverized 
and  digested  for  a  time  in  hot  carbonated  water,  nearly  all 
the  constituents  were  dissolved  in  the  form  of  bi-carbonates, 
the  solution  containing  silicic  acid,  and  the  carbonates  of 
lime,  magnesia,  soda,  and  potash,  while  the  insoluble  residue 
consisted  of  alumina  and  oxide  of  iron.  If,  however,  the 
water  was  saturated  with  sulphuretted  hydrogen,  sulphides 
were  formed,  all  being  dissolved  except  the  sulphide  of  iron. 
In  hydrochloric  and  sulphurous  acids  all  the  constituents 
were  dissolved. 

Hence  we  see  that  various  salts  may  be  formed  in  such 
thermal  waters  according  to  the  proportion  of  different 
gases  with  which  they  are  impregnated.  The  formation 
of  sulphuric  acid,  by  the  oxidation  of  sulphurous  acid  in 
contact  with  oxide  of  iron,  would  convert  the  salts  into 
sulphates,  and  this  probably  takes  place  in  the  Icelandic 
waters.  The  sulphates  in  solution  are  principally  those  of 
lime  and  magnesia,  with  smaller  quantities  of  the  sul- 
phates of  alumina,  soda,  potash,  and  ammonia.  On  eva- 
poration the  sulphate  of  Hme  is  deposited  and  forms  floor- 
like layers  of  fibrous,  sparry  material,  like  the  beds  of 
gypsum  so  often  met  with  in  England.  Beds  of  clay,  often 
variegated  with  different  colours,  are  also  formed  from  the 
decomposition  of  the  tuff. 

SUiceouB  Sinter. — Other  therma  springs  contain  a  large 
quantity  of  silica  in  solution,  which  is  deposited  as  the 
water  cools  and  evaporates,  forming  layers  and  incrusta- 
tions of  hard  siliceous  stone  called  Sinter.  Deposits  of 
this  kind  occur  near  the  Gkysers  in  Iceland.  Analyses  of 
the  water  of  the  Great  Geyser  show  that  the  amount  of 
solid  matter  in  solution  is  about  120  parts  in  100,000  of 
water,  or  84  grains  per  gallon,  nearly  half  of  this  being 
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silica  and  the  remainder  consisting  of  salts  of  soda  and 
potash. 

Professor  Bunsen  remarks  that  the  silica  is  dissolved  out 
of  the  f  elspathic  lavas  below  and  is  held  in  solution  as  a 
hydrate  by  the  alkaline  carbonates  and  sulphates.  He 
observes  that  "no  trace  of  silica  is  precipitated  on  the 
cooling  of  the  water,  and  it  is  only  after  the  evaporation 
of  the  water  that  silica  is  deposited  as  a  thin  film  on  the 
moistened  sides  of  the  vessel,  where  evaporation  to  dry- 
ness takes  place,  whilst  the  fluid  itself  is  not  rendered 
turbid  by  hydrated  silica  until  the  process  of  concentra- 
tion is  far  advanced."  ^  The  result  of  this  is  that  the  in- 
crustations increase  in  proportion  as  the  surface  of  evapo- 
ration expands  with  the  spread  of  the  water.  Extensive 
deposits  of  siliceous  sinter,  or  OeyserUe,  as  it  is  sometimes 
called,  are  thus  formed,  one  such  being  reported  as  16 
miles  long,  2  furlongs  wide,  and  100  feet  thick. 

An  analysis  by  Damour  showed  that  the  sinter  had  the 
following  composition : — 

SiUca 87-21 


Alumina  and  iron  peroxide 
Lime    .... 
Traces  of  soda  and  potash 
Water  of  hydration 


1-25 
171 

0-66 
8-90 


99-73 

Geysers  also  occur  in  New  Zealand,  and  one  near  the  lake 
of  Botomahana,  formed  beautiful  terraces  of  sinter,  which 
have  been  described  by  the  Rev.  B.  Abbaye,'  but  they  were 
entirely  destroyed  by  the  great  eruption  of  Tarawera  in  1886. 
The  Gkyser  from  which  the  water  issued  was  situated  on  the 
border  of  the  lake,  and  a  hundred  feet  above  its  level ;  on 
the  intervening  slope  the  descending  waters  deposited 
their  silica  and  formed  a  series  of  terrace-basins.  These 
basins  were  mostly  semicircular  in  shape,  but  varied  much 
in  size,  some  being  very  small,  others  extending  for  a 
length  of  20  or  80  yards.  The  sinter  itself  contained  about 
97  per  cent,  of  hydrated  silica. 

>  De  la  Beche*8  <*  Geological  Observer,"  p.  374. 
'  **  Quart.  Journ.  Geol.  Soc.,"  vol.  xxxiv.  p.  170. 
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The  most  wonderful  exhibition  of  the  phenomena  con- 
nected with  Geysers  is  to  be  found  in  the  Great  Geyser 
basin  of  the  Firehole  River  in  the  Yellowstone  Park, 
United  States;  Dr.  F.  V.  Hayden  thus  describes  the 
scene :  * — "  Ascending  the  Firehole,  we  find  the  surface  on 
both  sides  the  river  covered  with  a  thick  siliceous  crust, 
and  completely  riddled  with  springs  of  every  variety. 
Quiet  springs,  with  basins  varying  from  a  few  inches  to  a 
hundred  feet  in  diameter,  are  distributed  everywhere. 
Some  high  pyramidal  cones,  with  steam  issuing  from  the 
summits,  indicate  the  last  stages  of  what  were  once  im- 
portant Geysers."  Professor  G^Lkie,  in  writing  of  this 
region  says :  "  A  prodigious  mass  of  sinter  has  been  laid 
down,  and  the  form  of  the  ground  has  been  thereby 
materially  changed.  We  made  some  short  excursions  into 
the  forest,  and  as  far  as  we  penetrated  the  same  floor  of 
sinter  was  everywhere  traceable."  Another  interesting 
feature  of  the  region  is  the  quantity  of  incrusted  and  sili- 
cified  wood  found  scattered  about  the  springs. 

Becent  examination  of  the  sinter  which  is  being  formed 
in  the  geyser  basins  by  Mr.  W.  H.  Weed  has  resulted  in 
the  discovery  that  this  deposit  (like  the  travertine)  is  often 
largely  due  to  the  growth  of  plants.^  In  the  hotter  water 
these  growths  are  filamentous  algee  which  become  coated 
with  sihca,  but  in  the  pools  of  cooler  water  they  form 
leathery  sheets  of  tough  gelatinous  material,  green,  yellow, 
brown,  or  red,  with  coralloid  and  vase-shaped  masses  rising 
to  the  surface,  and  often  filling  up  a  large  part  of  the 
pool.  The  tops  of  these  growths  unite  into  a  flat  crust 
which  roofs  over  the  pool,  and  often  forms  the  floor  of  a 
new  basin.  The  masses  themselves  consist  of  gelatinous 
silica  in  which  the  fibrous  growth  of  the  alga  can  be  de- 
tected, and  when  the  plants  die  there  is  a  loss  of  water 
and  shrinkage,  with  a  gradual  change  to  a  cheesy  kind  of 
substance  which  appears  to  be  hardened  by  a  further  pre- 
cipitation of  silica,  due  probably  to  the  action  of  the  de- 
caying organic  matter.  The  sinter  thus  formed  is  opaque, 
white,  and  often  chalk-like  in  appearance,  while  that 
formed  by  evaporation  is  translucent,  hard,  and  heavy ; 

^  '*  Amer.  Jonm.  Science  and  Arts,"  1872,  p.  161. 

>  "Ninth  Annual  Report  of  U.S.  GeoL  Survey,**  p.  650. 
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both  kinds  occur  in  some  of  tBe  Geyser  waters,  and 
analyses  show  that  the  sinter  formed  by  algous  growth 
contains  less  water  and  consequently  a  larger  proportion 
of  silica  than  the  other. 

In  the  Grand  Canon  of  the  Yellowstone  immense  de- 
posits of  silica,  coloured  every  shade  of  red,  yellow,  and 
white,  are  seen  to  rest  upon  the  irregular  surface  of  an  old 
lava-stream.  The  remarkable  beauty  of  this  valley  is 
largely  due  to  the  exquisite  delicacy  and  variety  of  these 
colours. 

§  3.  Orga/nicaUy-farmed  Dq^mU. 

Soil  or  Mould. — The  mode  in  which  ordinary  soil  or 
mould  is  formed,  has  already  been  described ;  its  dark 
colour  is  due  to  the  presence  of  decayed  vegetable  matter, 
but  the  quantity  of  this  in  ordinary  soil  or  field  earth  is 
very  smaU.  In  what  is  sometimes  called  vegetable  mould 
the  amount  is  greater.  In  one  sample  of  fertile  mould  the 
amount  of  organic  matter  was  ascertained  to  be  only  1*76 
per  cent.,  in  some  artificially  prepared  soil  it  was  as  much 
as  5*5  per  cent.,  and  in  the  famous  black  soil  of  Bussia 
from  5  to  even  12  per  cent.* 

Dr.  Darwin  has  shown  that  earth  worms  are  lari?ely 
concerned  in  the  preparation  of  ordinarjrmould.  InmaSi^ 
their  burrows  they  swallow  the  earth  and  pass  it  through 
their  bodies,  and  he  observes  that  the  particles  of  the 
softer  rocks  suffer  some  amount  of  mechanical  trituration 
in  their  muscular  gizzards,  in  which  small  stones  serve  as 
millstones.  He  gives  several  instances  in  which  a  layer  of 
earth  two-tenths  of  an  inch  in  thickness  per  acre  has  been 
annually  brought  to  the  surface  by  worms ;  thus,  on  good 
argillaceous  pasture-land  over  the  Chalk  at  Down,  the 
accumulation  during  twenty-nine  years  amounted  to  6i 
inches  of  mould  between  the  turf  and  a  layer  of  chalk 
known  to  have  been  spread  over  the  field  in  1842.  This 
shows  a  production  of  mould  at  the  rate  of  2*2  inches  in 
ten  years.  Anyone  who  walks  over  a  grass-plot,  and 
observes  the  number  of  worm-casts,  each  consisting  of 
from  a  quarter  to  half  an  ounce  of  fine  black  earth,  must 

;  *  Darwin's  «*  Vegetable  Mould  and  Earth  Worms,"  p.  238. 
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perceive  that  a  very  considerable  disturbance  of  the  soil  is 
going  on.  In  other  countries  larger  worms  make  larger 
castings. 

"  The  finely  levigated  castings  when  brought  to  the  sur- 
face in  a  moist  condition,  flow  during  rainy  weather  down 
any  moderate  slope,  and  the  smaller  particles  are  washed 
far  down  even  a  gently-inclined  surface.  Castings,  when 
dry,  often  crumble  into  small  pellets,  and  these  are  apt  to 
roU  down  any  sloping  surface.  .  .  .  The  removal  of  worm- 
castings  by  the  above  means  leads  to  results  which  are  far 
from  insignificant."  ^    (See  p.  190.) 

Becent  observations  in  Yorubaland,  West  Africa,  by  Mr. 
A.  Millson,  show  that  the  work  performed  by  worms  in  that 
country  is  still  more  extensive  and  important.  The  soil  of 
the  country  is  very  fertile,  and  Mr.  l^Olson  attributes  this 
fertility  entirely  to  the  action  of  worms.  He  says :  **  The 
whole  surface  of  the  ground  among  the  grass  is  seen  to  be 
covered  by  serried  ranks  of  cylindrical  worm-casts,  varying* 
from  a  quarter  of  an  inch  to  three  inches,  and  existing  in 
astonishing  numbers.  For  scores  of  miles  they  cover  the 
land,  closely  packed  upright,  and  burnt  by  the  sun  into 
rigid  rolls  of  hardened  day,  which  stand  until  the  rain 
breaks  them  down  into  a  fine  powder."  On  digging  down 
the  soil  is  f  oimd  to  be  drilled  in  aU  directions  by  worm- 
holes,  and  in  the  moist  subsoil  between  one  and  two  feet 
down  the  worms  themselves  are  found.  By  collecting  the 
worm-casts  from  a  measured  space,  and  weighing  them, 
Mr.  Millson  found  them  to  average  5  lbs.  per  square  f oot» 
which  gives  a  total  of  62,233  tons  of  subsoil  brought  to  the 
surface  over  every  square  mile  every  year. 

In  other  parts  of  Africa,  as  pointed  out  by  Professor 
Drummond,  the  white  ants  perform  a  similar  service.  The 
large  hillocks,  five  or  six  feet  high,  raised  by  these  little 
creatures  are  well  known  ;  and  Professor  Drummond  ob- 
served that  the  old  hillocks,  under  the  influence  of  tropical 
rains,  gradually  moulder  down,  the  material  being  distri- 
buted over  the  neighbouring  ground. 

Even  in  temperate  dimes  the  work  done  by  ants  is  pro- 
bably considerable,  for  ants  and  earthworms  rarely  frequent 

^  Op,  c»^.,.p.  306. 
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the  same  ground,  and  the  renewal  of  soil  on  chalk  downs, 
high  sandy  commons,  and  heath  lands  is  largely  due  to 
ants.  Old  pastures  may  often  be  seen  in  England  where 
ant-hills  are  so  numerous  as  to  be  almost  confluent  with 
one  another. 

Formation  of  Peat. — In  cold  and  temperate  climates, 
various  kinds  of  plants,  which  flourish  in  moist  situations, 
increase  and  accumulate  to  such  an  extent  that  their  de- 
caying remains  form  large  peat  bogs  or  mosses.  In  Eng- 
land and  Europe  generally,  some  species  of  moss  constitute 
the  greater  part  of  the  mass,  but  elsewhere  other  plants 
contribute  largely  to  the  growth  of  peat.  Darwin  ob- 
served that  in  Tierra  del  Fuego  almost  all  the  plants  con- 
tribute to  its  production,  but  especially  a  plant  called 
Asteliapwmila  (Brown),  and  it  is  a  singular  fact  that  no 
mosses  enter  into  the  composition  of  the  South  American 
peat.  In  the  English  Fen-country  the  peat  is  chiefly  formed 
of  a  moss  called  Hypnum  fluita/ns,  but  in  the  mountain 
bogs  of  Ireland  and  Scotland  the  moss  is  a  species  of 
Sphctgnvm,  Excavations  in  a  peat  bog  show  that  on  the 
surface  grows  the  green  living  moss  with  many  other 
plants.  Two  or  three  inches  below  that  is  a  brown  spongy 
mass,  consisting  of  the  fibres  of  dead  plants ;  this  passes 
gradually  down  into  a  compacted  brown  mass  in  which  the 
vegetable  tissue  begins  to  disappear.  Lower  down  it  i& 
still  denser  and  darker,  and  all  obvious  traces  of  fibre  and 
tissue  perhaps  are  lost ;  until,  at  a  depth  of  sometimes  30 
feet,  a  compact  black  substance  is  found  which  cuts  like 
cheese,  but,  except  from  it  dampness,  might  be  called  soft 
coal. 

The  trunks  and  branches  of  trees  are  frequently  found 
embedded  in  peat-mosses,  especially  near  the  bottom, 
where  the  wood  is  generally  converted  into  a  dark  brown 
or  black  cheesy  substance,  soft  when  first  imcovered,  but 
hardening  on  exposure  to  the  air.  Such  is  the  nature  of 
the  material  known  as  Irish  bog-oak.  According  to  Sir  J. 
Bennie,  many  of  the  peat-mosses  in  Europe  occupy  the  site 
of  great  forests,  some  of  which  have  been  destroyed  within 
historical  times.  The  fallen  timber,  by  obstructing  the 
natural  drainage  and  causing  the  ground  to  become  wet 
and  marshy,  has  conduced  to  the  growth  of  the  mosses 
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whicli  produce  peat.  Thus,  we  are  told,  that  the  overthro'w 
of  a  forest  by  st^rm,  about  the  middle  of  the  seventeenth 
century,  gave  rise  to  a  peat-moss  near  Lochbroom,  in  Boss- 
shire,  and  that  in  less  than  half  a  century  after  the  fall  o£ 
the  trees,  the  inhabitants  dug  peat  there. 

Other  peat-mosses  occupy  the  sites  of  silted-up  lakes  and 
pools,  which  have  been  gradually  converted  into  swamps. 
Many  such  swamps  owe  their  origin  to  the  damming  up  of 
streams  by  beavers,  so  that  these  industrious  animals  maj 
really  be  ranked  among  geological  agents.  The  authors  of 
the  **  North- West  Passage  by  Land,"  *  observe  that  the 
former  operations  of  beavers  in  Canada  must  have  been 
upon  a  very  large  scale,  for  "  nearly  every  stream  between 
the  Pembina  and  the  Athabasca,  except  the  large  river 
Macleod,  appears  to  have  been  destroyed  by  the  agency  of 
these  animals.  The  whole  of  this  region  is  little  else  than 
a  succession  of  pine-swamps  separated  by  narrow  ridges  of 
higher  ground,  and  it  is  a  curious  question  whether  that 
enormous  tract  of  country  marked  9wami/py  on  the  maps 
has  not  been  brought  to  this  condition  by  the  work  of  the 
beavers,  who  have  thus  destroyed  by  their  own  labour  the 
streams  necessary  to  their  existence."  At  one  place  thej 
found  a  long  chain  of  marshes  formed  by  the  damming  up 
of  a  stream  which  had  ceased  to  exist,  the  beaver  huts  had 
become  grassy  mounds  on  the  dry  land,  and  the  dam  in 
front  was  a  green  and  solid  bank. 

Many  peat-mosses  extend  over  large  tracts  of  land ;  one 
of  the  mosses  near  the  river  Shannon  in  Ireland  is  said  to 
be  50  miles  long  with  a  breadth  of  2  or  3  miles.  The 
G-reat  Dismal  Swamp  of  North  America  is  described  by 
Lyell  as  an  extensive  morass  40  miles  long  from  north  to 
south,  and  25  miles  wide,  between  the  towns  of  Norfolk,  in 
Yirginia,  and  Weldon,  in  North  Carolina.  "  The  surface 
of  the  bog  is  carpeted  with  mosses  and  densely  covered 
with  fems^nd  re^.  a  We  which  many  evergreei  shrubs 
and  trees  flourish,  especially  the  White  Cedar  and  the  de- 
ciduous Cypress.  ...  On  the  surface  lie  innumerable 
trunks  of  large  and  tall  trees  blown  down  by  the  winds, 
while  thousands  of  others  are  buried  at  various  depths  in 

*  Rennie's  "  Essays  on  Peat,"  p.  66. 

'  Lord  MUton  ana  Dr.  Cheadle,  op,  cit.j  pp.  178,  211. 
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the  mire  below.  The  soil  to  the  depth  of  15  feet  is  formed 
of  organic  matter,  without  any  admixture  of  earth."  ^ 

Near  river  mouths  large  tracts  of  lan^  sometimes  pass 
into  the  condition  of  fens  or  marshes,  parts  of  which  sup- 
port a  growth  of  peat-moss.  The  Fens  of  Norfolk  and 
Cambridgeshire,  the  Lewes  Levels,  Pevensej  Marshes,  and 
parts  of  Denmark  and  Holland  are  examples.  The  surface 
peat  of  the  Fen-land  varies  in  thickness  from  1  to  18  feet ; 
when  it  is  thick  enough  to  be  dug  for  fuel,  the  uppermost 
10  or  12  inches  are  seen  to  be  dark  brown  in  colour  and 
consist  of  an  amorphous  mass  of  roots,  rushes,  and  moss ; 
the  lower  portions  are  quite  black,  and  are  bedded  in 
regular  layers,  the  vegetable  structure  is  more  obscure, 
but  the  mass  seems  to  consist  almost  exclusively  of  moss.* 
In  Norfolk  and  Cambridgeshire  alone,  an  area  of  more 
than  500  miles  is  occupied  by  peat.  Excavations  in  this 
Fenland  show,  moreover,  that  there  have  been  many  periods 
during  which  the  peat-moss  grew  and  flourished,  for  sub- 
terranean beds  of  peat  occur  at  various  depths,  as  many  as 
five  having  been  found  one  below  the  other,  separated  by 
deposits  of  clay  or  silt ;  just  as  coal-seams  are  separated 
by  beds  of  clay  or  sandstone. 

Bemains  of  forest  trees  are  abundant  both  in  the  surface 
peat  as  well  as  in  the  subterranean  deposits  ;  indeed  these 
relics  are  so  abundant  iii  many  places,  that  it  is  evident 
that  extensive  forests  have  existed  from  time  to  time,  and 
in  these  localities  it  may  have  been  the  destruction  of 
the  forests  that  gave  rise  to  the  formation  of  peat.  The 
trees  which  grew  in  these  forests  were  chiefly  oak,  elm, 
birch,  yew,  willow,  and  sallow ;  their  roots  and  stumps  are 
frequently  found  still  in  the  position  of  growth,  and  the 
fallen  trunks  are  often  from  40  to  60  feet  long.  It  is 
remarkable  that  thes^  trunks  almost  always  lie  in  one 
direction,  viz.,  with  their  tops  towards  the  N.E.,  as  if 
they  had  been  blown  down  by  winds  from  the  S.W. 

We  caji  well  imagine  that  when  conditions  ceased  to  be 
favourable  to  forest-growth,  and  the  ground  became  marshy 

*  "  Principles  of  Geology,"  vol.  ii  p.  506,  and  **  Travels  in  N. 
America,"  vol.  i.  p.  143. 

^  Skertchly,  '*  Geology  of  the  Fenland,"  Mem.  Geol.  Survey, 
p.  134. 
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and  boggy,  the  stagnant  water  and  the  growth  of  peat 
would  cause  the  decay  of  the  trees.  Thus  enfeebled,  they 
would  ultimately  yield  to  the  force  of  storms  from  the 
S.W.,  and  falling,  '*  be  entombed  in  the  material  which, 
their  destroyer  in  life,  became  their  preserver  in  death."  ^ 

Mangrove  Swamipa, — In  tropical  countries  similar  accu- 
mulations of  vegetable  matter  exist  in  the  mangrove 
awamps  which  are  formed  along  low-lying  shorea^and  near 
the  mouths  of  rivers.  The  estuary  of  a  tropical  river  is 
generally  bordered  by  mangrove  swamps,  and  the  trees 
seem  to  flourish  best  where  they  are  within  the  influence 
of  the  tide.  At  low  water  the  stems  are  seen  to  be  sup- 
ported by  a  tangled  mass  of  branch-like  roots,  which  rise 
out  of  a  bed  of  thick,  black,  xmctuous  mud.  Small  crabs 
and  other  marine  creatures  crawl  over  the  mud ;  oysters 
fasten  themselves  to  the  mangrove  roots,  and  often  form 
huge  clusters  of  many  hundreds  together ;  decomposing 
vegetation  is  everywhere,  and  the  atmosphere  of  the  swamp 
is  close,  damp,  and  malarious.  But  as  the  tide  rises  and 
spreads  over  the  swamp  the  roots  are  concealed  and  the 
trees  then  appear  to  be  growing  in  the  water,  presenting 
a  much  more  picturesque  appearance. 

The  following  description  of  mangroves  and  their  habits 
is  quoted  from  Captain  Nelson's  memoir  on  the  Bahamas :' 
"  The  Mangrove  (Bhizophora)  seldom  grows  more  than  15 
feet  in  height ;  the  strength  and  durability  of  its  timber 
are  very  great,  and  from  its  development  of  roots  and  its 
amphibious  habit,  it  is  an  important  agent  in  the  conver- 
sion of  swamps  and  littoral  tracts  into  dry  land.  There  are 
many  species,  but  the  most  common  in  the  Bahamas  are 
the  yellow  and  the  white  mangroves.  The  yellow  man- 
grove sends  out  horizontal  roots  inland,  and  into  the  water 
it  throws  down  numerous  vertical  radicles  or  branch-like 
roots  (to  which  a  variety  of  living  things  soon  become 
fixed)  ;  it  also  throws  off  bud-plants,  which  dropping  from 
the  siurface  into  the  water,  float  until  they  attain  a  mud- 
bank  or  rock-head  or  other  congenial  point  of  fixture.  The 
white  mangrove  throws  down  no  pendants,  but  on  every 
quarter  it  throws  off  roots  which  penetrate  the  mud  hori- 

^  Skertchly,  op,  cU,^  p*  164 

■  **  Quart.  Joum.  G«oL  Soc.,"  vol.  ix.  p.  210. 
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zontally  about  six  or  eight  inches  under  the  surface,  and 
send  up  suckers  at  every  three  or  four  inches  of  their 
course.  Thus  each  species  bj  the  multiplication  of  roots 
and  stems  becomes  an  effectiye  agent  in  the  retention  and 
increase  of  soil,  and  frequently  both  combine  in  their  work 
of  encroachment  on  the  water  and  the  formation  of  land ; 
as  is  well  seen  along  the  north-east  shore  of  Ciinningham 
Lake.  In  the  swampy  clay  aud  sand  of  the  Florida  coast, 
the  mangroves  form  dense  jungles  from  five  to  twenty 
miles  broad,  and  running  up  the  creeks  and  inlets." 

Captain  Nelson  also  observes  that  other  and  much 
smaller  plants  contribute  largely  to  the  formation  of  new 
land  in  the  Bahamas.  "  The  marshy  lands  that  are  gradu- 
ally taking  the  place  of  the  creeks  and  brackish  lakes, 
abound  with  and  may  be  said  at  some  points  to  consist 
largely  of  a  highly  caldferous  moss-like  Conferva,  which 
in  concert  with  mangrove  roots,  grasses,  and  other  plants 
consolidates  and  completes  the  chalky  soil" 

In  Brazil  also  the  mangrove  is  an  efficient  agent  in  aid- 
ing the  silting  up  of  the  large  lagoons  which  border  the 
coast.  When  by  deposition  of  sand  the  bottom  is  brought 
up  to  the  level  of  low  tide  the  seeds  of  the  mangrove  take 
root,  and  the  shoal  is  soon  covered  with  the  trees.  Among 
their  roots  fine  silt  is  deposited,  and  the  sandbank  is  over- 
laid with  a  layer  of  soft  sand,  which  may  increase  in  thick- 
ness till  its  surface  is  only  covered  at  high  water.  Beeds, 
rushes,  arums,  and  coarse  grasses  then  assist  in  converting 
the  swamp  into  land.^ 

*  Hartt's  "Geologj-  of  Brazil,"  p.  222. 


CHAPTER  Xn. 


FLUVIATILB   DEPOSITS. 

Deposits  formed  by  Rivers  and  Glaciers. 

Deposition  of  Detritus. — It  must  be  borne  in  mind 
that  the  three  processes,  erosion,  transportation,  and  de- 
position  are  closely  connected ;  each  may  proceed  in  close 
neighbourhood  to  the  other,  and  the  hollow  which  has  been 
formed  by  erosion  one  day,  may  be  filled  up  with  sediment 
on  the  next.  It  is  seldom  that  the  exact  conditions  of 
equilibrium  exist,  when  the  velocity  of  the  stream  is  suffi- 
cient only  for  the  transport  of  sediment  without  exercising 


Fig.  53. 

erosion  or  permitting  deposition.  For  suppose  that  at  a 
given  time  or  place,  the  yelodty  is  just  enough  to  keep  the 
load  of  detritus  in  suspension,  it  is  clear  that  a  slight  rain- 
shower  causing  an  increase  in  the  volume  of  water,  would 
at  once  convert*  the  load  into  an  agent  of  erosion,  while 
conversely  a  decrease  in  the  volume  would  allow  some  of 
the  load  to  subside.  Speaking  generally,  therefore,  we 
may  say  that  when  the  load  is  not  employed  in  erosion, 
some  of  it  is  being  deposited. 

In  the  upper  part  of  a  river-course  where  the  slopes  are 
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steep,  and  the  current  swift,  only  the  larger  stones  are 
allowed  to  rest ;  lower  down  the  valley,  where  the  stream 
loses  some  of  its  Telocity,  smaller  stones  and  coarse  sand 
are  deposited,  though  much  of  the  latter  is  still  carried  on- 
ward. Eventually  this  also  subsides,  and  when  a  great 
river  reaches  the  broad  plains  which  are  little  above  the 
level  of  the  sea,  it  carries  nothing  but  the  finest  silt  and 
mud,  part  of  which  is  deposited,  and  part  is  poured  into 
the  sea. 

A  winding  river  is  constantly  changing  the  position  of 
its  curves,  for  the  stream  is  continually  eating  away  the 
bank  on  one  side  of  a  curve  and  alldWing  deposition  to  take 
place  on  the  opposite  shore.  The  cause  of  this  is  found  in 
the  fact  that  the  whole  of  the  water  in  the  stream  does  not 
move  with  the  same  velocity,  and  that  the  line  of  quickest 
motion  does  not  keep  exactly  midway  between  the  banks, 
but  follows  the  course  indicated  in  fig.  53,  the  arrows 
showing  the  impact  of  the  current  at  the  points  a  a. 
Since,  therefore,  the  velocity  of  the  stream  is  least  off  the 
points  B  B,  and  since  decreased  velocity  means  decreased 
power  to  transport  detritus,  it  follows  that  deposition  will 
take  place  opposite  b  b,  and  the  angles  will  gradually  be 
fiUed  up  with  gravel,  sand,  or  silt,  as  the  case  may  be. 
This  is  shown  by  the  black  parts,  c  c,  in  fig.  53. 

Gravel  Beds  and  Alluvial  Levels. — When  a  stream 
has  reached  a  tract  where  the  lessened  slope  allows  gravel 
and  sand  to  be  deposited,  small  areas  of  these  deposits 
are  usually  found  to  occur  at  intervals,  first  on  one  side 
of  the  river,  and  then  on  the  other.  They  are  slightly 
above  the  flood  level  of  the  stream,  because,  since  they 
were  formed,  it  has  deepened  its  channel  and  consequently 
flows  on  a  lower  plane  than  it  previously  did. 

Still  lower  down,  the  watercourse  itself  is  generally 
bordered  by  strips  of  level  ground,  which  form  a  narrow 
tract  or  plain,  with  the  stream  winding  from  side  to  side 
within  it,  and  over  which  the  waters  spread  in  time  of 
flood.  The  soil  of  this  flood  plain  or  alluvial  level  consists 
partly  of  earth  conveyed  by  rain  down  the  sides  of  the 
valley,  and  partly  of  the  silt  and  mud  deposited  by  the 
overflow  of  the  stream  ;  when  the  stream  is  in  flood,  and 
overflows  this  flat  and  shallow  ground,  the  turbid  current 
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is  checked,  and  being  unable  to  carry  all  its  load  of  sedi- 
ment, some  of  it  is  precipitated  to  the  bottom  and  remains 
there  on  the  recession  of  the  waters ;  this  muddj  soil  is 
called  aUuvittm, 

In  descending  a  valley  it  will  always  be  found  that  the 
width  of  the  alluvium  increases  in  proportion  as  the  volume 
of  the  stream  increases,  and  within  this  constantly  widen- 
ing plain,  the  river  pursues  a  tortuous  and  meandering 
course.  At  the  same  time  the  tracts  of  gravel  increase  in 
size  and  in  height  above  the  river-level,  and  often  form 
extensive  banks  and  terraces  on  either  side  of  the  alluvium. 

Fig.  54  shows  a  river  emerging  from  hiUy  groimd  and 
flowing  towards  the  spectator:  alluvial  levels  are  seen  on 
each  side  of  the  valley :  on  the  right  (at  t)  is  a  tributary 
stream  winding  through  the  deltoid  flat  it  has  helped  to 


Fig.  55.    Section  through  terraces  of  River  Gravel. 

form,  and  on  the  left  (at  o)  is  a  bank  consisting  of  gravel 
deposited  by  the  river  when  it  flowed  at  a  higher  level,  and 
before  it  had  cut  out  its  present  channel. 

In  many  valleys  patches  of  gravel  may  be  found  at  various 
levels  above  the  river,  and  sometimes  at  considerable  dis- 
tances from  the  present  stream.  These  are  portions  of 
still  older  gravel  beds  deposited  at  a  time  when  the  river 
ran  at  that  level,  and  before  it  had  cut  its  channel  down  to 
its  present  depth.  These  higher  banks  of  gravel  have  ne- 
cessarily suffered  much  from  erosion  and  detrition,  and  are 
generally  reduced  to  the  state  of  disconnected  patches ;  but 
in  some  cases  they  are  better  preserved  and  remain  as  more 
or  less  continuous  terraces,  so  that  the  valley  side  presents 
a  succession  of  such  gravel  terraces,  and  a  section  across  it 
has  the  appearance  exhibited  in  fig.  55. 

It  must  not  be  supposed  from  this  diagram  that  the 
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terrace,  a,  originally  extended  all  aeroBS  the  i^idth  of  the 
present  TaUej  from  a  to  d.  At  the  time  of  its  formation 
the  yallej  was  both  narrower  and  shallower,  its  limits  lyin^ 
between  a  and  b,  and  its  western  side  being  indicated  hj 
the  broken  line.  As  the  stream,  continnally  impinging  ou 
one  bank,  cut  this  side  farther  and  farther  back,  the  raJlej 
was  both  deepened  and  widened,  and  the  terrace,  h,  re- 
mains to  testify  its  extension  from  a  to  c.  Each  bank  of 
gravel  was,  of  course,  deposited  on  the  bottom  of  the  valley 
for  the  time  being,  just  as  the  latest  gravel,  c,  occupies  the 
bottom  of  the  present  valley,  and  has  been  deposited  since 
the  portion  of  ground  between  c  and  d  has  been  cut  away 
by  the  erosion  of  the  stream. 

Fig.  56  is  a  section  through  a  real  terrace  of  gravel  at 
Barnwell,   near  Cambridge,  and  is  drawn  to  a   definite 

ver  Grayel-  Gravel- 

in.  pit.  Priory.  pit. 


Fig.  56.     Section  thronsh  the  Barnwell  gravels,  Cambridge, 
a,  gault.     6,  chftlk-man.    c,  sand  and  gravel,    d,  alluvium. 

scale.  The  extent  to  which  the  river  Cam  has  lowered  its 
bed  since  the  formation  of  this  old  gravel  flat  is  shown  by 
the  position  of  the  modem  alluvium.  At  the  Priory  pits 
the  gravel  is  about  20  feet  deep,  and  it  contains  beds  of 
fine  sand  and  loam,  with  many  land  and  river-shells.  On 
the  opposite  side  of  the  river  is  another  flat  of  sand  and 
gravel  at  an  intermediate  level;  the  Barnwell  terrace 
being  about  25  feet,  and  the  Chesterton  terrace  15  feet 
above  the  river. 

The  diagram,  fig.  55,  represents  the  usual  relation  of 
the  gravel  terraces  to  the  rocky  slope  below,  each  terrace 
being  a  separate  deposit,  and  quite  disconnected  from  that 
above  or  below.  It  frequently  happens,  indeed,  that  strips 
of  the  underlying  rock  are  exposed  along  the  slopes  which 
intervene  between  the  terraces.    There  are  some  cases, 


CHAP.  XII.]  FLUVIATILE  DEPOSITS.  221 

however,  where  a  section  throi^li  the  Talley  would  present 
the  appearance  of  fig.  57.  Such  cases  are  found  where 
the  whole  country  has  been  depressed  since  the  formation 
of  the  great  valleys,  so  that  these  have  been  filled  up  with 
deposits  of  sand  and  day  during  the  submergence.  Sub- 
sequent elevation  of  the  land  has  allowed  the  rivers  to  cut 
new  channels  through  these  deposits,  and  the  velocity  of 
the  streams  increasing  pa/ri  passu  with  the  amount  of  up- 
heaval, their  capacity  of  vertical  erosion  increased  while 
that  of  lateral  erosion  diminished,  so  that  the  width  of  the 
'flood-plain  has  gradually  contracted,  leaving  a  series  of 
benches  or  terrace  levels  carved  out  of  the  mass  of  material 
accumulated  in  the  valley. 

Instances  of  such  terraced  valleys  have  been  described 
in  North  America,  and  are  so  prevalent  that  the  period  of 
their  formation  is  known  as  the  Terrace  epoch.    They  also 


Fig.  57.    Terracses  cut  out  of  a  sUted-up  Valley, 

occur  in  Patagonia  under  similar  conditions,  as  described 
by  Darwin.^  In  such  cases  the  number  and  levels  of  the 
terraces  correspond  on  each  side  the  stream,  but  in  Eng- 
land there  are  few  instances  of  such  valley-structure,  and 
terraces  seldom  occur  at  exactly  the  same  level  on  opposite 
sides  of  a  valley,  except  where  an  alteration  in  the  course 
of  the  stream  has  caused  it  to  cut  through  an  old  terrace, 
and  so  to  leave  a  portion  on  either  side  of  the  present 
channel.  Where  two  opposite  terraces  appear  to  corre- 
spond, it  will  generally  be  found  that  the  level  of  one  is 
really  lower  than  the  level  of  the  other,  and  that  they  have 
been  formed  at  different  epochs  in  the  excavation  of  the 
valley. 

In  the  north-west  of  England  and  in  Scotland  some 
valleys  appear  to  exhibit  a  structure  like  fig.  67.     The 

*  "Journal  of  Ref^arches,  Voyage  of  the  *  Beagle,' "  ch.  ix.  p.  128, 
Minerva  Library  editioi}. 
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TaJlejB  of  the  Mersey  and  Irwell  in  Lancashire  are  said  to 
be  instances  of  this,  and  Mr.  De  Banco  has  drawn  a  sec- 
tion showing  the  terraces  on  the  western  side  of  the  Irwell^ 
near  Pendleton,  which  are  apparently  cut  out  of  a  con- 
tinuous deposit  of  graTel.  The  surface  of  the  river  here  is 
about  70  feet  above  the  sea,  and  the  highest  terrace  is  100 
feet  above  the  river  ("  Proc.  G^eol.  Assoc,"  vol.  iv.  p.  231). 
Here  also  there  has  been  elevation  since  the  filling  up  of 
the  original  valley. 

Where  two  streams  join,  or  a  tributary  enters  a  main 
valley,  there  is  almost  always  a  tract  of  gravelly  deposit  in 
the  angle  between  the  two  channels.  As  the  streams 
deepen  their  channels,  the  point  of  jimction  is  shifted 
further  and  further  down  the  main  valley,  and  the  tri- 
angular gravel-covered  area  is  consequently  elongated  and 
increased.  Often  also  it  presents  two  or  more  terraces, 
and,  as  Mr.  H.  Miller  has  pointed  out,  these  junction  ter- 
races are  produced  independently  within  the  recess,  and 
may  not  be  on  the  same  levels  as  the  terraces  in  either  of 
the  valleys.* 

That  river-terraces  are  produced  thus  locally  and  inde- 
pendently is  a  proof  that  their  formation  is  simply  a  result 
of  the  manner  in  which  rivers  erode  and  deepen  their 
channels,  and  not  on  any  variations  in  the  volume  of  water. 
The  process  of  river-terracing  may  sometimes  be  witnessed 
on  a  miniature  scale  where  the  water  from  a  spring  flows 
over  a  sand  flat.  Mr.  Miller  mentions  such  a  case  where 
spring  water  flowed  over  a  smooth  beach  of  fine  sand 
bordering  a  river :  "  It  had  its  curves,  its  deflection-banks, 
at  the  base  of  one  of  which  it  was  still  scooping  with  a 
force  that  drove  away  a  brush  of  sand-grains  as  if  they 
had  vitality  in  them ;  and  opposite  these  little  cliffs  it  had 
its  tenuced  slopes  left  to  one  side  because  the  stream  had 
pushed  to  the  other,  and  marked  by  the  finest  possible 
engraving  of  terrace-lines,  not  at  equal  heights  where  they 
chanced  to  stand  opposite.*'  He  convinced  himself  that 
all  these  effects  had  been  produced  by  a  steady  volume  of 
water,  unaffected  by  floods  or  by  falls  in  the  level  of  the 
river  below,  "  but  simply  by  planation  at  different  levels 

»  "On  River-Terracing," Proc  Roy.  Phyp.  See  Edin.  1883,  p.  288. 
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The  head  of  the  delta  is  the  point  where  the  river  origi- 
nally entered  the  lake  or  sea ;  properly  speaking,  indeed, 
the  river  ends  here  just  as  its  valley  ends,  and  its  waters 
merely  find  their  way  as  best  they  can  through  the  muddy 
deposit  with  which  it  has  choked  its  own  mouth.  This 
they  do  by  means  of  several  channels  branching  ofE  from 
the  main  stream,  each  of  which  conveys  a  portion  of  muddy 
water  to  its  own  mouth,  where  the  sediment  is  deposited, 
and  the  extent  of  the  delta  is  thus  continually  increased. 

The  Rhine  when  it  enters  Holland  is  lost  in  a  great  del- 
toid flat  among  a  number  of  bifurcating  channels,  in  which 
its  waters  are  mingled  with  those  of  the  Meuse,  Sambre, 
and  other  rivers ;  these  have  aU  contributed  to  form  the 
low  marshy  ground  of  which  the  Netherlands  consist. 

The  delt^  of  the  Bhone  has  many  points  of  interest ;  the 
amount  of  sediment  brought  down  by  the  river  has  been 
mentioned  on  p.  134 ;  this  is  discharged  into  the  Mediter- 
ranean, and  has  formed  a  delta  which  has  a  front  of  about 
50  miles,  and  its  head  is  25  miles  from  its  edge.  Under 
the  Roman  dominion,  400  b.c,  Aries  was  only  14  miles 
from  the  river  mouth,  now  it  is  30  miles,  hence  this  delta 
has  advanced  16  miles  in  2,200  years.  The  depth  of  the 
deposit  is  also  considerable,  a  well  sunk  at  Aignes  Mortes 
passed  through  328  feet  of  mark  and  clays  wiUiout  reach- 
ing the  base  of  the  delta.^ 

The  imited  deltas  of  the  Po  and  Adige  have  a  length  of 
about  70  miles  from  Ostiglia  to  the  mouth  of  the  Po,  and 
a  seaward  breadth  of  about  50  miles ;  but  they  are  conter- 
minous with  the  deltas  of  the  Brenta,  Piave,  Tagliamento, 
and  Izonzo,  so  that  a  continuous  tract  of  marshy  land  ex- 
tends for  more  than  100  miles  from  the  Gulf  of  Trieste 
nearly  as  far  as  Ravenna.  Adria,  which  was  a  seaport  in 
the  time  of  Augustus,  and  gave  its  name  to  the  Adriatic 
Sea,  is  now  20  miles  inland,  and  the  whole  coast-line  above 
indicated  has  increased  by  a  width  of  from  2  to  20  miles 
during  the  last  2,000  years.  All  this  material  has  been 
brought  down  from  the  Alps  by  the  tributaries  of  the 
above-mentioned  streams. 

Many  deep  wells  have  been  sunk  at  Venice,  and  one  of 

^  C.  Martiae,  dted  in  PrestwicVs  "  Geology,"  vol.  i.  p.  85. 
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them  has  been  carried  to  572  feet  without  reaching  the 
bottom  of  the  sands  and  clays  of  the  delta.  The  deposits 
consist  of  jeUow  bands,  brown  and  grey  clajs,  with  beds  of 
lignite  and  dark  carbonaceous  sandy  clay,  sands  prevailing 
in  the  lower  part,  clays  and  lignites  in  the  upper.  Most 
of  the  sands  contain  marine  shells,  but  freshwater  species 
occur  in  the  lignites. 

The  delta  of  the  Mississippi  has  an  area  of  12,300  square 
miles;  it  has  completely  MLed  up  the  inlet  of  the  sea 
which  once  penetrated  deeply  into  the  North  American 
coast,  and  has  projected  far  into  the  Gulf  of  Mexico,  carry- 
ing out  the  riyer  by  a  natural  canal  50  or  60  miles  beyond 
the  general  edge  of  its  delta.  The  head  of  this  delta  taken 
as  the  point  where  the  river  sends  off  its  first  bifurcation 
(called  the  Atchafalaya)  is  about  200  miles  distant  from 
the  coast.  A  well  has  been  sunk  at  New  Orleans  to  a 
depth  of  630  feet  without  reaching  the  bottom  of  the 
alluvial  deposits.  This  boring  passed  through  alternations 
of  clays  and  sands,  the  latter  predominating  in  the  lower 
part  of  the  series.  There  were  eighteen  distinct  beds  of 
clay,  one  being  63  feet  thick,  and  their  combined  thickness 
being  266  feet ;  several  of  them  are  marly,  and  effervesce 
with  acid.  Four  beds  of  lignite  were  found,  the  lowest 
occurring  at  150  feet.  Below  a  depth  of  40  feet  the  fossils 
were  all  marine  and  of  recent  species,  showing  that  the 
delta  has  simply  displaced  the  waters  of  the  G-ulf  of 
Mexico. 

The  conterminous  delta  of  the  Gktnges  and  Brahmapootra 
is  still  larger,  for  it  makes  a  coast-line  of  260  miles  in  length, 
and  a  swampy  flat  which  is  100  miles  wide  at  a  distance  of 
250  miles  in  the  interior,  its  whole  area  being  probablj 
50,000  or  60,000  square  miles.  An  Artesian  well  was 
bored  at  Calcutta  to  a  depth  of  480'  feet,  the  auger  pene- 
trating some  old  land  surfaces  at  several  depths,  proving 
continued  depression  of  the  land  (Lyell).  This  well  is  also 
remarkable  for  the  fact  that  the  lower  80  feet  of  the  boring 
consisted  of  sand,  shingle,  and  boulders,  showing  that  the 
Telocity  of  the  stream  and,  therefore,  the  slope  of  its  water- 
course, must  have  been  very  much  greater  at  that  time, 
and  that  subsequent  depression  of  the  land  has  lessened 
the  velocity  of  the  stream,  and  consequently  the  rate  of 
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of  course,  slowly  silting-up,  and  will  eventually  be  dry 
land. 

We  need  hardly  observe  that  river-valleys  do  not  always 
terminate  in  deltas.  There  are  many  great  rivers  which 
do  not  block  up  their  own  mouths  in  this  way,  but  pour 
all  their  detritus  directly  into  the  sea.  In  some  cases  the 
strength  and  velocity  of  their  currents  is  sufficient  to  carry 
the  greater  part  of  the  sediment  out  beyond  their  mouths ; 
in  other  cases  the  estuary  into  which  the  river  falls  is  kept 
open  by  the  scour  of  the  tides.  The  Amazons  and  La  Plata 
are  instances  of  rivers  with  strong  and  rapid  currents 
which  are  felt  at  a  distance  of  more  than  100  miles  from 
their  mouths ;  the  Thames,  Severn,  and  other  rivers  of  our 
own  islands  which  empty  themselves  into  estuaries,  illus- 
trate the  latter  case.  Neither  do  the  deltas  of  large  rivers 
give  us  the  full  account  of  the  erosion  they  have  performed, 
for  a  large  amount  of  sediment  is  still  poured  into  the  sea 
and  distributed  over  its  bed  by  the  action  of  marine  cair- 
rents.  A  delta  is,  in  fact,  only  a  part  of  a  bay  or  estuary 
which  has  been  filled  up  with  the  sediment  carried  into  it 
by  a  large  river.  As  we  have  seen,  the  sediments  enclose 
shells  of  marine  species,  and  they  might  be  described  under 
the  head  of  marine  deposits,  but  it  was  more  convenient  to 
treat  of  them  in  connection  with  the  rivers  which  supply 
the  material. 


§  2.  DeposUe  formed  by  Olaciere. 

Moraines. — The  moraines  of  a  glacier  have  already 
been  described  (p.  154),  and  it  was  stated  that  on  the  re- 
treat of  a  glacier  its  terminal  moraine  will  remain  and  form 
a  semicircular  mound  stretching  across  the  valley. 

Such  a  moraine  consists  of  a  confused  mass  of  earth, 
stones,  and  boulders  heaped  together  without  any  regard 
to  size  or  weight ;  most  of  the  materials  have  been  shot 
over  the  end  of  the  glacier,  just  as  rubbish  is  thrown  down 
to  form  a  railway  embankment.  The  greater  number  of 
the  stones,  therdtore,  having  been  carried  on  the  upper 
surface  of  the  glacier,  will  not  bear  any  glacial  markings 
or  scratches ;  those,  however,  which  were  fixed  in  the  under 
surface  of  the  ice,  and  came  in  contact  with  the  rocks  form- 
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ing  the  sides  and  bottom  of  the  vallej,  will  be  polished  and 
scratched  on  one  or  more  faces. 

Old  lateral  moraines  are  also  found  where  ancient  glaciers 
haye  melted  away,  these  moraines  remaining  as  long  hum- 
mockj  ridges  or  banks  along  the  sides  of  the  valley,  and 
consisting  of  similar  materials  to  those  which  compose  the 
terminal  moraines. 

Examples  of  such  moraines  are  to  be  found  in  many 
parts  of  the  British  Islands,  where  glaciers  formerly  existed, 
viz.,  in  North  Wales,  in  the  Lake  district,  in  the  highlands 
of  Scotland,  and  among  the  hills  of  Ireland.  An  excellent 
example  occurs  near  Ejllamey,  at  the  northern  entrance  to 
the  Gfap  of  Dunloe,  as  described  by  Mr.  Du  Noyer.^  Three 
lunette-shaped  mounds  of  morainic  material,  sand,  gravel 
and  boulders,  are  arranged  in  a  rude  concentric  form,  one 
beyond  the  other  across  the  mouth  of  the  gap;  the  two 
outer  mounds  are  incomplete,  their  western  extremities 
having  been  destroyed,  but  the  portions  remaining  on  the 
east  side  of  the  stream  measure  fully  one  mile  in  length  by 
about  100  yards  in  width,  and  their  south-east  ends  rest 
on  the  flank  of  Purple  mountain  at  an  elevation  of  about 
400  feet.  The  inner  mound  is  much  more  perfect,  and  is 
cut  through  in  its  central  part  by  the  river  Loe ;  on  the  east 
side  of  the  river  it  measures  650  yards  in  length  by  150  in 
width,  and  on  the  west  side  it  curves  round  to  the  S. W.  for 
a  distance  of  700  yards.  At  the  north  end  of  the  Black 
Lake  is  still  another  deposit  left  by  the  retreating  glacier, 
as  the  climate  became  warmer. 

During  the  later  stage  of  the  Glacial  period  the  higher 
parts  of  the  Scottish  Uplands  nourished  groups  of  glaciers 
which  have  left  numerous  well-marked  moraines.^ 

A  large  series  of  them  occur  in  the  valley  of  the  Dengh, 
a  tributary  of  the  Ken  (Kirkcudbrightshire).  **  The  mounds 
are  arranged  in  concentric  lines,  sometimes  conical  in  shape, 
but  generally  assuming  the  form  of  narrow  ridges  which 
often  trend  towards  the  centre  of  the  valley.  Boad  cuttings 
show  that  the  moraine  matter  consists  of  a  sandy  clay  with 
numerous  subangular  stones,  which  in  many  instances  have 
irregular  striations.'*   These  moimds  are  traceable  down  to 

^  Explanation  of  Sheet  173  of  **  Geol.  Survey  of  Ireland,"  p.  23. 
*  **  Mem.  Geol.  Surv.  Scot.,"  Sh.  9,  p.  41 ;  Sh.  15,  p.  40. 
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and  across  the  valley  of  the  Ken,  where  they  rest  upon  a 
thick  deposit  of  tough  boulder  clay. 

In  the  valley  of  the  Holm  Bum,  another  tributary  of  the 
Een,  there  is  a  similar  series  of  moraine  mounds,  most  of 
them  forming  long  winding  ridges  with  a  marked  bend 
towards  the  centre  of  the  valley,  and  beautifully  illustrat- 
ing the  common  horse-shoe  shape  of  moraines.  They  con- 
sist of  loose  gravelly  and  sandy  earth  with  well-rounded 
stones,  of  which  in  one  section  one*fifth  were  found  to  be 
ice-scratched,  but  in  other  places  the  proportion  is  much 
less. 

Till  and  Boulder  Clay. — Ordinary  valley-glaciers  do 
not  appear  to  leave  any  deposits  behind  them  besides  the 
moraines  above  described.  The  glaciers  of  Switzerland 
have  sometimes  retreated  for  considerable  distances,  leav- 
ing the  ground  they  formerly  covered  exposed  to  view ; 
consequently,  if  any  deposits  were  formed  underneath  the 
ice,  we  should  expect  it  to  remain  on  this  ground. 

It  does  not  appear,  however,  that  such  deposits  ever 
occur.  Professor  Bonney,^  who  has  specially  examined  re- 
treating  glaciers  for  this  purpose,  thus  writes  :-'•  In  no 
case  have  I  been  able  to  find  signs  of  any  deposit  resem- 
bling till  or  boulder  clay;  the  detrital  matter,  which  is 
scattered  generally  sparsely  over  the  slope  left  bare  by  the 
retreating  glacier,  has  fallen  from  its  surface,  like  ordinary 
terminal  moraine,"  neither  could  he  find  any  such  deposit 
under  the  ice  of  the  glacier  itself. 

A  similar  absence  of  deposits  has  been  remarked  in 
Norway.'  Professor  Spencer  noted  several  points  of  contact 
between  glaciers  and  their  rock-beds,  but  found  nothing 
like  boulder  clay  under  the  ice,  though  he  observed  a 
glacier  advancing  over  an  old  terminal  moraine  which 
was  partially  levelled  and  probably  compressed  in  the 
process.^ 

It  is  said,  however,  that  these  glaciers  are  too  small  to 
have  the  power  of  forming  boulder  clay,  and  that  in  the 
present  climates  of  Norway  and  Switzerland  the  fine  mud 

^  "  Notes  on  Glaciers,"  "Geol.  Mag.,"  Dec.  2,  vol.  iii.  p.  197. 
«  See  "  Proc.  Geol.  Soc.  Liverp.,"  1872-73,  and  Spencer  in  Geol. 
Mas*  Dec  3,  vol,  iv.,  p.  IfiS. 
^  See  also  Bonney,  op.  cit,  p^  198» 
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is  all  carried  away  by  the  sub-glacial  streams  instead  of 
accumulating  to  form  a  pad  of  clay  or  ChrouncUmoraine,  as 
it  would  do  if  the  climate  were  more  seyere.  It  has  been 
supposed  that  the  case  is  different  in  the  Arctic  and  Ant- 
arctic regions,  where  the  glaciers  are  not  confined  to  the 
valleys,  but  form  a  confluent  sheet  of  ice  spreading  over 
the  whole  country,  and  that  under  these  conditions  a  mass 
of  d^ris  must  accumulate  underneath  the  ice,  and  may 
form  a  deposit  of  considerable  thickness. 

This  accumulation  must  be  partly  frozen  into  the  bottom 
of  the  ice,  but  it  is  supposed  that  some  of  it  is  pushed 
along  by  the  moving  ice-sheet,  and  that  portions  are  de- 
tached and  allowed  to  accumulate  in  hollows  and  valleys 
underneath  the  ice.  Furthermore,  it  is  assumed  that  the 
ice-sheet  passes  over  such  deposits,  and  allows  them  to  re- 
main undisturbed,  notwithstanding  the  erosive  powers 
usually  attributed  to  moving  ice.  Finally,  it  is  said  that 
the  great  weight  of  the  superincumbent  ice  will  exercise  an 
immense  pressure  upon  the  material  below,  and  compact 
the  mud  and  stones  into  a  tough  boulder  clay.^  This 
hypothesis  was  framed  to  account  for  the  formation  of  the 
hard  and  tough  kind  of  boulder  clay  known  in  Scotland  by 
the  name  of  Till,  but  Professor  James  G^ikie  has  since  ap- 
plied it  to  explain  the  origin  of  all  other  boulder-clays. 

It  is  not,  however,  a  completely  satisfactory  explanation, 
while  as  a  matter  of  fact  no  one  has  yet  observed  boulder- 
clay  in  the  Arctic  regions  occupying  such  a  position  with 
reference  to  the  inland  ice  as  would  suggest  the  inference 
that  it  has  been  formed  by  or  beneath  the  ice.  There 
is,  indeed,  a  general  absence  of  any  kind  of  moraine  deposit 
over  those  areas,  which  are  free  of  ice  ;  bare  rock  is  almost 
everywhere  exposed.  Professor  Nordenskiold,  describing 
ground  which  had  but  lately  been  abandoned  by  the  ice, 
says  it  exactly  resembled  the  woodless  gneiss  districts  of 
Sweden  and  Finland,  the  rounded  hills  of  gneiss  being 
covered  with  erratic  blocks  and  divided  by  valleys  with 
small  lakes  and  scratched  rock  surfaces,  '^onthe  other  hand, 
no  real  moraines  were  discoverable** * 

Again,  Lieut.  Lockwood  describes  the  ice-cap  of  central 

^  See  '*  Great  Ice  Age,"  by  J.  Geikie,  second  edition,  ch.  i. 
=»  "  Expedition  to  Greenland,"  "Geol.  Mag.,"  vol.  ix.  p.  362. 
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Grinnell  Land  as  free  from  rock  d^ris  except  in  a  valley 
confined  by  high  mountains.  The  ice- wall  is  from  120  to 
200  feet  high,  and  along  its  foot  there  were  only  here  and 
there  small  ridges  or  banks  of  moraine  deposit.^  Norden- 
skiold  observed  similar  small  banks  in  Greenland. 

The  following  are  difficidties  in  the  way  of  accepting 
Professor  J.  Geikie's  theory. 

1.  No  one  has  yet  seen  any  traces  of  a  ground-moraine 
under  a  retreating  glacier  or  an  ice-sheet. 

2.  Actual  observation  has  only  shown  that  where  glaciers 
descend  a  slope  they  rest  on  bare  rock  and  push  all  loose 
materials  before  them ;  where  they  reach  more  level  ground 
they  pass  over  any  accumulation  of  d<ni)ris  without  much 
disturbing  it. 

3.  Boulder  clay  is  not  only  found  in  valleys  and  plains, 
but  has  been  spr^ul  over  high  ground  and  low  ground  alike 
in  a  thick  and  continuous  sheet. 

4.  Boulder  clay  frequently  contains  fragments  of  rock, 
the  parent  sites  of  which  are  several  hundred  feet  below 
their  present  resting-place.  They  must,  therefore,  have 
been  carried  up  by  the  agent  which  formed  the  clay,  but  it 
has  not  been  proved  that  an  ice-sheet  can  move  up  a  slope 
for  any  considerable  distance. 

5.  There  is  inconsistency  in  assuming  the  existence  of  a 
great  underlying  sheet  of  ground-moraine,  and  at  the  same 
time  crediting  the  ice  with  the  power  of  excavating  lake 
basins.  Neither  one  nor  the  other  theory  has  yet  been 
proved. 

It  would  appear,  however,  that  land-ice  can  in  some  way 
give  rise  to  the  formation  of  a  boulder-clay,  that  is,  a  stiff 
clay  containing  many  stones.  Such  clays,  mingled  with  loose 
gravelly  deposits,  are  described  by  Sir  Charles  Lyell  and 
others  as  occurring  at  several  places  on  the  great  plain 
which  lies  between  the  Alps  and  the  Jura.  It  was  stated 
on  p.  155  that  there  was  a  time  when  the  Swiss  glaciers 
were  so  large  that  they  extended  beyond  the  Alpine  valleys, 
and  becoming  confluent  on  this  plain  formed  a  great  sheet 
of  ice  which  terminated  against  the  flanks  of  the  Jura.  It 
is  therefore  a  natural  inference  that  the  glacial  deposits 

*  Lockwood  in  Greely'a  "  Three  Years  of  Arctic  Service." 
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now  found  on  the  plain  were  formed  during  this  extension 
of  the  Swiss  ice,  but  it  is  a  curious  fact  that  English 
geologists  have  paid  very  little  attention  to  them.  No  one, 
so  far  as  the  author  is  aware,  has  compared  these  clays 
with  the  British  boulder-clays  with  the  view  of  indicating 
points  of  difference  or  resemblance ;  nor  have  these  Swiss 
clays  been  brought  forward  as  a  special  proof  of  the  capa- 
city of  glaciers  to  form  boulder-clay.  Professor  Bonney,  how- 
ever, informs  the  writer  that  he  thinks  they  may  fairly  be 
regarded  as  proof  that  land-ice  can  make  a  boulder-clay,  or 
rather  that  a  boulder-clay  can  result  from  the  extension  of 
land-ice,  but  that  there  is  little  evidence  to  show  how  the 
clay  has  been  formed.  The  general  moundiness  of  the  sur- 
faciB  of  the  deposits  suggests,  however,  that  they  have  been 
formed  during  the  retreat  and  melting  of  the  ice  rather 
than  underneath  the  advancing  mass  of  ice. 

It  should  be  remembered  too  that  in  most  countries 
where  glaciers  now  exist  they  are  only  remnants  of  much 
larger  glaciers,  which  may  have  long  ago  swept  the  valleys 
clear  of  all  loose  debris  and  surface  deposits.  It  may  be, 
therefore,  that  the  material  of  glacier-farmed  boulder-clay 
is  gathered  by  advancing  glaciers,  accumulated  during 
many  centuries,  and  only  finally  arranged  by  the  receding 
ice.  In  a  future  chapter  we  shaU  see  that  boulder  clay 
can  also  be  formed  in  a  very  different  way. 


CHAPTER  Xni. 

LAGUSTBn^E   DEPOSITS. 

THE  varioTiB  ways  in  which  lakes  have  originated  will  be 
discussed  in  a  later  part  of  this  volume.  For  our  pre- 
sent purpose  they  may  be  classified  under  two  heads, — 
(1)  Freshwater  Lakes;  (2)  Saline  Lakes.  Freshwater 
lakes  always  have  rivers  flowing  out  of  them  as  well  as  into 
them,  and  they  can  therefore  be  viewed  as  merely  deep  and 
wide  portions  of  the  river-course  where  the  current  is 
checked  and  much  sediment  deposited.  Saline  lakes  never 
have  excurrent  rivers,  for  they  only  become  saline  when  the 
quantity  of  water  running  into  them  is  less  than  that 
evaporated  from  their  surfeice. 

§  1.     Deposits  in  Freshwater  Lakes. 

1.  Mechanical  Deposits. — Where  rivers  enter  lakes, 
deltas  similar  to  those  described  in  the  last  chapter  will  be 
formed,  but  these  will  generally  consist  of  more  varied 
materials;  because  rivers  flowing  into  lakes  usually  run 
with  greater  velocity  than  when  they  enter  the  sea,  and  are 
more  liable  to  floods  which  sweep  down  a  quantity  of  coarse 
d^ris  ;  thus  boulders,  gravel,  and  sand,  are  either  continu- 
ally or  occasionally  poured  into  lakes,  besides  the  finer 
sediment  which  rivers  everywhere  carry. 

The  detritus  thus  brought  down  from  the  surrounding 
land  is  arranged  in  a  definite  and  peculiar  manner,  as  may 
be  seen  by  watching  any  small  stream  which  enters  a  pool. 
The  particles  of  sand  and  gravel  swept  along  by  the  stream 
are  dropped  when  they  enter  the  pool  or  lake,  and  are 
spread  out  in  a  fan-shaped  deposit,  the  surface  of  which  is 
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nearly  level  or  gently  inclined,  ending  in  a  steeper  slope 
(see  fig.  61).  The  inclination  of  this  slope  varies  with  the 
coarseness  of  the  materials.  Farther  supplies  of  debris 
are  pushed  along  the  level  surface  and  shot  over  the  edge 
of  the  bank  so  as  to  form  an  additional  sloping  layer,  aad 
BO  the  process  goes  on,  successive  layers  being  deposited, 
sometimes  of  gravel,  sometimes  of  sand,  but  all  sloping 
in  the  same  direction,  viz.,  away  from  the  mouth  of  the 
stream. 

All  this  time,  however,  the  river  is  also  pouring  into  the 
lake  a  quantity  of  finer  sediment  which  is  carried  out  far 
beyond  the  edge  of  the  delta.  The  turbid  waters  of  the 
river,  having  a  greater  specific  gravity  than  the  clearer 
waters  of  the  lake,  sink  beneath  the  latter  and  often  steal 
along  the  bottom  for  a  considerable  distance  before  they 
part  with  their  burden  of  suspended  sediment.     As  De  la 


Fig.  61.    Diagram  of  a  small  Delta  in  a  Lake. 
m,  mnd  spread  on  lake  floor,     d,  delta  deposit. 

Beche  remarks, "  if  a  long  trough  be  filled  with  clean  water, 
and  turbid  water  be  very  quietly  poured  into  it  at  one  end, 
the  mode  in  which  the  latter  finds  its  way  beneath  the 
former  will  be  at  once  seen."  The  fine  mud,  therefore, 
which  is  carried  onward  by  the  current  of  the  river,  will  be 
evenly  spread  over  the  bottom  of  the  lake  in  advance  of 
the  growing  delta. 

Besides  a  large  river,  there  may  be  other  smaller  streams 
and  torrents  flowing  into  the  lake,  and  each  of  these  will 
form  a  small  delta  and  contribute  its  share  of  detritus,  so 
that  in  course  of  time  the  lake  may  be  completely  filled  up 
by  the  growth  of  delta  deposits. 

Fig.  61  may  be  taken  to  represent  a  small  delta  formed 
by  a  stream  coming  from  the  direction  a,  and  resting  upon 
a  stratum  of  fine  mud,  m,  which  has  been  spread  over  the 
lake  floor  by  the  current  of  the  main  river.     The  deposits 
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being  coarse  the  slope  of  the  delta  is  steep.  Sir  Charles 
Lyell  states  that  the  subaqueous  slope  of  a  minor  delta  in 
the  Lake  of  Geneva  is  four  times  as  steep  as  that  of  the 
main  delta  at  the  head  of  the  lake. 

The  deposits  of  the  river  Bhone  in  Lake  Geneva  probably 
consist  of  numerous  alternations  of  fine  gravel,  coarse  and 
fine  sand,  silt  and  mud  ;  for  during  the  summer  when  the 
snows  melt  the  volume  and  velocity  of  the  river  are 
greatest,  and  large  quantities  of  sand,  mud,  and  vegetable 
matter  are  introduced,  but  during  the  rest  of  the  year  the 
influx  is  so  much  less  that,  according  to  Saussure,  the  whole 
lake  stands  six  feet  lower.^ 

The  river  Ehone  is  thus  gradually  filling  up  the  lake, 
and  has  already  formed  a  flat  alluvial  plain  sixteen  miles 
long  at  its  upper  end.  An  ancient  town  called  Port  Val- 
lais  (Portus  Yalesise)  stood  on  the  water's  edge  about  900 
years  ago,  but  now  it  is  a  mile  and  a  half  inland,  so  much 
new  ground  having  been  formed  in  the  interval.  It  would 
be  quite  possible  to  calculate  the  time  required  for  the 
river  to  convert  the  whole  lake  into  a  similar  plain,  through 
which  it  would  then  meander  to  its  present  outlet  at 
Geneva. 

Sir  Charles  Lyell  tells  us  that  many  such  fiUed-up  lakes 
may  be  found  in  the  course  of  the  Ehone  and  its  tributaries. 
"  If  we  ascend,  for  example,  the  valley  through  which  the 
Dranse  flows,  we  find  that  it  consists  of  a  succession  of 
basins,  one  above  the  other,  in  each  of  which  there  is 
a  wide  expanse  of  flat  alluvial  lands,  separated  from  the 
next  basin  by  a  rocky  gorge,  once  perhaps  the  barrier  of  a 
lake.'^^* 

In  our  own  country  a  good  instance  of  such  an  obliterated 
lake  occurs  at  Bossthwaite  above  Borrowdale,  and  there 
are  many  in  Scotland,  where  they  are  known  by  the  name 
of  lochlands. 

In  the  case  of  large  lakes  which  are  not  traversed  by  any 
large  river,  the  deposits  are  rather  dinerent.  Lake  Superior 
is  the  largest  expanse  of  fresh  water  in  the  world,  and 
numerous  rivers  run  into  it,  but  none  form  any  considerable 
delta ;   round  its  shores  there  are  beaches  of  sand  and 

^  Lyeirs  "Principles  of  Geology,"  tenth  edition,  vol.  i.  p.  418. 
»  /to,  vol.  i.  p.  419. 
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sbingle,  and  its  bottom  consists  generally  of  a  very  adhe- 
sive claj  containing  shells  of  the  species  now  living  in  the 
lake.  "When  exposed  to  the  air,  this  clay  immediately 
becomes  so  indurated  as  to  require  a  smart  blow  of  the 
hammer  to  break  it.  It  effervesces  slightly  with  diluted 
nitric  acid,  and  is  of  different  colours  in  different  parts  of 
the  lake ;  in  one  district  blue,  in  another  red,  and  in  a 
third  white,  hardening  into  a  substance  resembling  pipe- 
clay." ' 

2.  Deposits  of  Organic  Debris.  —  Carbonaceous, — 
Interstratified  with  the  mechanical  accumulations  just 
described  there  will  generally  be  some  which  are  chiefly 
formed  of  organic  remains.  At  times  and  seasons  when 
much  vegetable  matter  is  carried  into  the  lake,  this  is 
spread  out  and  embodied  with  the  mud  or  sand,  giving  rise 
to  a  black  carbonaceous  or  lignitiferous  deposit. 

The  quantity  of  driftwood  carried  by  rivers  which  traverse 
a  forest-covered  country  is  sometimes  very  great,  and  when 
this  is  arrested  by  a  lake  large  deposits  of  lignite  may  be 
formed.  The  Mackenzie  Biver  in  North  Canada  in  its 
periodical  floods  sweeps  through  the  pine  forests  which 
border  its  banks  and  carries  away  thousands  of  trees  every 
year.  Many  of  these  sink  in  the  eddies  of  the  river  and 
form  shoals,  which  gradually  grow  into  islands.  A  thicket 
of  small  willows  covers  the  new-formed  island  as  soon  as  it 
appears  above  water,  and  their  long  fibrous  roots  serve  to 
bind  the  whole  firmly  together.  When  such  islands  are 
subsequently  cut  into  by  the  river,  they  show  alternating 
beds  of  lignite,  clay,  and  sand,  the  tree  trunks  having  de- 
cayed into  the  blackish  brown  substance  known  as  lignite^ 
or  wood-coal. 

Dr.  Richardson,  from  whose  account  the  above  is  con- 
densed,' says :  ''  It  was  in  the  river  only  that  we  could 
observe  Bections  of  these  deposits,  but  the  same  operation 
goes  on  on  a  much  more  magnificent  scale  in  the  lakes.  A 
shoal  of  many  miles  in  extent  is  formed  on  the  south  side 
of  Athabasca  Lake  by  the  drift-timber  and  vegetable 
debris  brought  down  by  the  Elk  Biver,  and  the  Slave  Lake 

^  Lyell,  op,  cU.y  vol.  ii.  p.  422. 

^  *' Gepgnoatical  Observations  on  Capt.  Franklin's  Polar 
Expedition." 
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itself  must  in  process  of  time  be  filled  up  by  the  matters 
dailj  conveyed  into  it  by  the  Slave  Biver.  Vast  quantities 
of  d^ft-timber  are  buried  under  the  sand  at  the  mouth  of 
the  river,  and  enormous  piles  of  it  are  accumulated  on  the 
shores  of  every  part  of  the  lake." 

Calcareous. — In  lakes  which  are  fed  by  springs  or  by 
small  streams  that  do  not  carry  much  muddy  sediment, 
other  deposits  of  organic  origin  are  formed.  In  such  lakes 
freshwater  shells  abound,  and  their  dead  shells  often  accu- 
mulate in  such  quantity  as  to  form  thick  layers  of  what 
is  called  shM-marl.  Si^  beds  are  sometimes  formed 
by  the  bivalve  shells  or  carapaces  of  the  small  Crustacea 
called  Cyprides,  which  often  swarm  in  such  pools  and 
lakes.  Lastly,  the  pond-weed  called  Chara  secretes  so 
much  carbonate  of  lime  in  its  stalks,  leaves,  and  fruit, 
that  the  whole  plant  has  a  stiff  and  solid  aspect ;  it  forms 
tangled  masses  which  gradually  decay  into  a  layer  of  cal- 
careous matter  very  like  tufa. 

Such  deposits  have  been  exposed  to  view  by  the  drainage 
of  small  lakes  and  meres,  the  marl  being  useful  for  agri- 
cultural purposes.  Sir  Charles  Lyell  states  that  the  marl 
in  the  Scotch  lakes  is  almost  entirely  composed  of  the 
shells  of  mollusca,  chiefly  LimncBa,  PlanorMs,  Valvata,  and 
Cyclas,  some  of  them  being  in  a  decomposed  and  pulveru- 
lent state,  and  some  retaining  their  original  form.*  Cyprides 
and  the  remains  of  Chara  are  also  intermixed,  and  the 
whole  is  compressed  into  a  marl  which  splits  up  into  thin 
layers. 

Lyell  observes  that  the  inflowing  waters  must  bring  a 
constant  and  copious  supply  of  calcareous  matter,  other- 
wise no  tufa  or  shell-marl  is  formed.  All  the  Forfarshire 
marls  occur  in  lakes  which  are  supplied  by  springs  con- 
taining carbonic  add  and  carbonate  of  lime ;  but  round 
Loch  Fithie  there  are  no  springs,  and  in  it  there  is  no  marl, 
though  it  is  surrounded  by  such  deposits,  and  in  every 
other  respect  the  site  is  favourable  to  the  accumulation  of 
shell-bearing  animals.  The  Cha/rcR,  too,  are  most  calca- 
reous in  waters  free  from  mud  and  strongly  impregnated 
with  lime. 

»  «« Principles  of  Geology,"  vol.  ii.  p.  666. 
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Large  deposits  of  marl  are  found  in  the  old  meres  of  the 
Cambridgeshire  Fens,  and  Mr.  S.  B.  J.  Skertchlj  attributes 
their  formation  principally  to  the  decay  of  Chwroe,  which 
still  aboimd  in  the  neighbouring  djkes.^  Shells  form, 
however,  a  considerable  portion  of  the  mass,  and  there  are 
occasional  lines  of  peaty  matter.  An  analysis  of  the  marl 
in  Whittlesey  Mere  showed  that,  after  subtracting  the 
moisture  and  organic  matter  (chiefly  due  to  peat),  87  per 
cent,  of  the  residue  was  pure  carbonate  of  lime,  7  per  cent, 
was  an  admixture  of  sandy  matter,  and  the  remaining 
6  per  cent,  consisted  of  sulphate  of  lime,  oxides  of  iron  and 
alumina,  and  carbonate  of  magnesia  in  very  small  quantities. 

A  small  lake  in  New  Jersey,  called  Milk  Pond,  is  de- 
scribed as  being  entirely  surrounded  by  a  thick  deposit  of 
shell-marl,  which  seems  to  cover  the  whole  basin  of  the 
lake.  It  is  perfectly  white,  and  is  mainly  composed  of 
bleached  shells,  and  its  thickness  is  known  to  be  more  than 
twelve  feet. 

Siliceous. — Deposits,  consisting  largely  of  silica,  are 
formed  in  some  lakes  by  the  agency  of  minute  vegetable 
organisms  called  Diatoms,  which  are  able  to  secrete  and 
appropriate  the  silica  dissolved  in  the  water,  just  as  the 
molluscs  secrete  the  carbonate  of  lime  to  form  their  shells. 
Diatoms  consist  of  simple  cells,  either  single,  or  united  in 
a  linear  series,  and  each  is  enclosed  in  a  siliceous  case  or 
shell ;  these  cases  are  often  elegant  in  shape  and  delicately 
sculptured  on  the  surface.  They  are  only  visible  under 
the  microscope,  but  compensate  for  their  minuteness  by 
their  extraordinary  abundance,  being  so  prolific  that  the 
number  of  individuals  derived  from  a  single  diatom  in  one 
month  would  form  a  bed  of  silica,  25  square  miles  in 
extent  and  20  inches  thick  (Ehrenberg). 

Diatoms  are  found  in  the  sea,  as  well  as  in  bogs,  stag- 
nant pools  and  lakes,  and  thick  deposits  are  sometimes 
formed  by  the  accumulation  of  their  siliceous  cases,  or 
f  rustules.  Such  is  the  berg-mehl  (or  mountain-meal)  on 
the  shores  of  certain  lakes  in  Sweden.  This  is  of  such  a 
fine,  floury  consistency  that  the  inhabitants  use  it  to  mix 
with  flour.    Diatom-earth  is  also  used  to  make  dynamite 

^  **  Geology  of  the  Fenlond,"  Geol.  Surv.,  p.  60. 
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It  is  known  locaUy  as  poUerschiefer,  being  used  by  lapi- 
daries for  polisbing  purposes.  Similar  stone  found  in 
Italy  and  elBewbere  is  called  Tripoli, 

Ferruginous.  The  substance  known  as  Bog-iron-ore 
was  also  shown  by  Ehrenberg  to  be  in  some  cases  the  pro- 
duct of  a  particular  Diatom  called  OaUionella  ferruginea, 
which  forms  long  threads  or  filaments  consisting  of  a  series 
of  minute  cells.  Professor  Bailey  thus  describes  their 
appearance  in  the  pools  near  West  Point,  United  States : — 
*'  The  bottoms  of  these  are  literally  covered  in  the  first 
warm  days  of  spring  with  a  ferruginous-coloured  mucous 
matter  about  a  quarter  of  an  inch  thick,  which,  on  exami- 
nation by  the  microscope,  proves  to  be  filled  with  millions 
of  these  exquisitely  beautiful  siliceous  bodies.  Every  sub- 
merged stone,  twig,  and  spear  of  grass  is  enveloped  by 
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Fig.  63.    Gallionelke  (highly  magnified). 

them ;  and  the  waving  plume-like  appearance  of  a  filamen- 
tous body,  covered  in  this  manner,  is  often  extremely 
elegant." 

3.  Chemical  Deposits. — ^Deposits  due  to  chemical 
precipitation  are  not  common  in  freshwater  lakes,  but 
some  ferruginous  deposits  have  been  formed  in  this  way, 
especially  in  lakes  which  are  fed  by  streams  that  rise  on 
boggy  uplands  or  forest-covered  mountains.  The  rocks  of 
such  regions  often  consist  of  minerals  that  contain  iron,  so 
that  there  is  much  iron  in  the  soil,  and  this  is  taken  up  by 
the  organic  acids  to  form  humic  and  crenic  salts  that  are 
carried  away  in  solution.  When  the  water  containing 
them  reaches  the  lakes,  and  is  exposed  to  oxidation  and 
evaporation,  the  iron  is  precipitated  as  a  hydrous  peroxide, 
and  forms  a  deposit  of  soft  brown  iron  ore  (limonite)  on 
the  lake-bottom.    This  occurs  in  several  lakes  in  Sweden 
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and  Canada,  and  the  ore  is  periodically  raked  up  from  the 
bottom  for  commercial  use.  In  Sweden  the  deposit  varies 
in  thickness  from  8  to  25  inches,  and  when  remoYed  it  is 
said  to  be  renewed  by  the  process  above  described  in  about 
twenty-five  years. 

Carbonate  of  lime  seems  to  be  chemically  deposited  in 
some  Irish  lakes,  in  the  form  of  a  white,  mealy  substance, 
which  is  thus  described  by  Mr.  Jukes :  ^  "  The  beds  of  the 
lakes  in  the  limestone  district  of  Ireland  have  often  a  thick 
deposit  of  white  mud,  which,  when  dry,  is  almost  like  flour 
in  appearance,  and  is  wholly  soluble  in  acids.  It  is  full  of 
undecomposed  freshwater  shells  of  ordinary  living  species, 
but  does  not  itself  disclose  any  trace  of  an  organic  origin. 
My  friend.  Dr.  J.  Barker,  of  Dublin,  subjected  some  of  it, 
at  my  request,  to  a  careful  microscopical  examination,  but 
could  discover  no  trace  of  organic  structure.  Around 
lakes  that  have  been  partially  drained,  large  deposits  of 
this  substance,  several  feet  in  thickness,  may  be  seen  ;  and, 
in  sounding  some  of  the  lakes,  I  usuaJly  found  the  lead 
sank  into  and  came  up  partially  coated  with  this  substance. 
One  some  parts  of  the  shores  of  the  lakes  there  are  accumu- 
lations of  small  nodular  concretionanr-looking  balls  of 
about  half-an-inch  in  diameter,  whicn  Dr.  Allman,  of 
Edinburgh,  told  me  were  a  species  of  Nullipore." 

§  2.     Saline  LaJcee. 

The  deposits  formed  in  saline  lakes  are  chiefly  due  to 
chemical  precipitation  of  the  mineral  matters  carried  in 
solution  by  the  rivers  which  run  into  them.  These  streams 
may  of  course  also  lay  down  deposits  of  sand  and  clay  in 
the  manner  already  described,  but  we  have  only  now  to 
consider  the  matters  in  solution. 

Whether  the  lacustrine  waters  retain  them  in  solution, 
depends  upon  the  amount  of  evaporation  to  which  tiiey  are 
subjected.  The  air  is  always  absorbing  vapour  from 
broad  surfaces  of  water,  so  that  the  water  which  flows  out 
of  a  lake  is  always  less  than  the  amoimt  which  flows  in. 
Some  large  lakes  have  no  outlet,  even  though  they  are  fed 

^  '<  Manual  of  Gkology,"  third  edition,  p.  384. 
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by  several  streams,  and  sometiines  the  evaporation  is 
greater  than  the  supply,  so  that  the  waters  are  gradually 
shrinking  in  volume.  In  such  cases  it  is  evident  that  the 
proportion  of  matter  in  solution  will  rapidly  increase,  since 
only  pure  water  is  taken  out;  and  when  the  solution 
becomes  a  saturated  one,  precipitation  will  commence,  and 
chemically  formed  deposits  will  be  formed. 

The  basin  of  the  Great  Salt  Lake  in  Utah,  TJ.S.,  affords 
an  excellent  instance  of  the  gradual  desiccation  of  a  large 
body  of  water.  The  present  lake  is  about  80  miles  long 
with  an  average  breadth  of  30  miles,  but  Mr.  Clarence 
King  calculates  that  it  had  originally  a  length  of  about 
300  miles,  and  an  extreme  width  of  180  miles.^  The  old 
lake  was  probably  at  first  filled  with  fresh  water,  but 
climataJ  changes  diminishing  the  supply,  evaporation 
prevailed  and  the  area  of  the  lake  grew  less  and  less  ;  the 
salts  were  gradually  concentrated  and  finally  precipitated 
over  part  of  the  area. 

It  would  appear  that  the  first  salt  to  be  separated  was 
carbonate  of  Ume,  for  calcareous  sands  and  large  deposits 
of  tufa  are  found  on  the  uppermost  terraces;  whUe  an 
analysis  of  the  present  water  discloses  the  fact  that  none 
remains  in  solution,  though  large  quantities  are  annually 
brought  in  by  the  rivers.  The  reason  of  this  seems  to  be 
that  the  carbonate  of  lime  is  unable  to  remain  in  solution 
in  the  presence  of  alkaline  salts,  such  as  the  chlorides  and 
sulphates  of  soda  and  potash.  It  is,  therefore,  quickly  pre- 
cipitated. These  alkaline  salts  are  supplied  by  the  nume- 
rous  mineral  springs  in  the  vicinity. 

The  next  salts  deposited  from  the  diminishing  lake  were 
probably  some  of  the  sulphates,  and  finally,  when  parts  of 
its  area  were  separated  and  further  concentrated,  deposits 
of  sodium  chloride  were  formed.  On  the  desert  plains 
round  the  lake  desiccation  products  are  found,  which  con- 
sist principally  of  chloride  of  sodium  (86  per  cent.)  with 
sulphate  of  lime  (9  per  cent.),  and  small  quantities  of  the 
sulphates  of  soda  and  magnesia.  In  Nevada  there  is  a 
salt-field  formed  by  the  evaporation  of  a  lake  which  at  the 

^  "  Exploration  of  the  40th  Parallel,"  voL  i.  p.  492.  See  also  the 
Account  of  the  older  lake  area  (Lake  Bonneville)  by  Mr.  Gilbert, 
Mon.  U.S.  Geol.  Survey,  voL  L 
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period  of  its  greatest  saturation  occupied  a  basin  about  20 
miles  in  lengtb.  It  is  now  a  solid  field  of  white  salt, 
covered  with  a  thin  layer  of  brine  in  the  winter  months 
which  completely  evaporates  in  the  autumn.  In  the  middle 
the  deposit  of  solid  salt  is  five  feet  thick,  but  towards  the 
west  shore  this  is  overlaid  by  a  fine  saline  mud,  in  which 
beautiful  octohedral  crystals  of  salt  occur.  The  solid 
mass  consists  chiefly  of  sodium  chloride  (97  per  cent.) 
with  small  quantities  of  carbonate  and  sulphate  of  soda. 

The  Caspian  Sea  and  Lake  Aral  are  also  good  examples 
of  large  water  spaces  which  are  gradually  growing  sadter 
by  a  process  of  concentration.  The  water  in  the  open  part 
of  the  Caspian  Sea  is  fresh  because  such  enormous  quan- 
tities of  fresh  water  are  poured  into  it  by  the  Volga,  Ural, 
and  other  rivers,  but  its  volume  is  slowly  diminishing ; 
salt  lagoons  are  formed  round  its  shores,  and  the  surround- 
ing deserts  are  covered  with  a  salt  efflorescence.  The  salts 
in  solution  are  the  chlorides  of  sodium  and  magnesium, 
the  sulphates  of  lime,  soda,  and  magnesia,  with  small 
quantities  of  the  carbonates  of  lime  and  magnesia.  Before, 
however,  the  sodium  chloride  (rock-salt)  can  be  deposited, 
it  is  necessary  that  more  than  nine-tenths  of  the  bulk  of 
water  should  be  removed  by  evaporation,  and  until  this 
saturation  point  is  reached  only  small  quantities  of  other 
salts  will  be  deposited.  When,  however,  the  concentration 
has  proceeded  so  far  a  large  deposit  of  rock-salt  will  take 
place.  Thus  in  the  salt  lakes  about  the  mouth  of  the 
Volga,  a  compound  of  the  sulphates  of  magnesia  and  soda, 
called  Astrakanite,  is  formed  in  the  winter  when  the  eva- 
poration is  not  great,  while  in  summer,  rapid  evaporation 
causes  the  deposition  of  rock-salt. 

The  Sea  of  Aral  is  very  salt,  especially  in  the  shallow 
water  near  its  shores ;  and  Lake  Elton,  a  small  lake  in  the 
desert  north-east  of  the  Caspian,  shows  a  still  greater  state 
of  concentration,  its  waters  being  intensely  salt  and  bitter. 
Analysis  shows  them  to  contain  80  per  cent,  of  solid  matter, 
two-^rds  of  this  being  magnesium  chloride,  and  the 
amount  of  sodium  chloride  being  very  small.  This  shows 
that  the  water  is  a  kind  of  mother  liquor  from  which  the 
sodium  chloride  has  been  precipitated. 

The  water  of  the  Dead  Sea  has  a  similar  composition^ 


CHAP.  XIII.]  LACUSTRINE  DEPOSITS.  245 

containing  26  per  cent,  of  saline  matter,  of  which  15  parts 
are  magnesium  chloride.  This  great  lake  is  surrounded 
bj  lacustrine  deposits,  consisting  of  marls  and  shales  with 
beds  of  rock-salt  and  gypsum,  reaching  to  a  height  of  600 
feet  aboYO  the  lake,  and  attesting  its  much  greater  size  in 
former  times.  The  cliffs  of  Jebel  Usdum,  at  the  south  end 
of  the  sea,  are  described  by  Professor  Hull,  as  consisting 
in  the  lower  part  of  solid  bluish  rock-salt  which  is  from 
30  to  50  feet  thick,  and  is  capped  by  beds  of  marl,  salt,  and 
gypsum.^ 

Lakes  fed  hy  Mineral  Springs, — ^We  have  hitherto  only 
considered  the  chemical  deposits  produced  by  the  evapo- 
ration and  concentration  of  ordinary  river  waters  when 
poured  into  lakes.  But  extensive  deposits  may  be  rapidly 
formed  in  lakes  without  great  evaporation,  if  their  waters 
are  supplied  by  springs  which  contain  a  large  amount  of 
mineral  matter  in  solution. 

Such  mineral  springs  are  especially  abundant  in  districts 
where  volcanic  action  has  been  rife ;  they  are  often  thermal, 
and  generally  impregnated  with  carbonic  acid,  so  that  they 
usually  hold  in  solution  large  quantities  of  carbonate  of 
lime.  The  carbonic  acid  escapes  as  a  gas,  and  the  calca- 
reous matter  is  precipitated  upon  the  lake-bottoms  in  the 
form  of  travertine. 

In  Sir  C.  Lyeirs  **  Principles  of  Geology,"  a  description 
is  given  of  the  lake  of  the  Solfatara,  between  Eome  and 
Tivoli.*  This  is  fed  by  a  stream  of  warm  water  proceeding 
from  a  smaller  lake  above ;  and  the  water  is  so  saturated 
with  carbonic  acid,  that  the  escape  of  the  gas  gives  it  the 
appearance  of  being  in  a  state  of  ebullition.  Tufa  and 
travertine  are  formed  in  the  lake  at  a  very  rapid  rate.  The 
principal  buildings  of  ancient  and  modern  Eome  are  built 
of  travertine  obtained  from  the  quarries  of  Ponte  Lacano 
in  the  same  district,  where  there  has  evidently  been  a  lake 
at  some  remote  period  in  which  this  deposit  has  been 
formed. 

Travertine  derives  its  other  name  of  Tibur-stone  from 
the  town  of  Tivoli  (ancient  Tibur),  which  stands  on  an 

^  "Mount  Seir  and  Western  Palestine,"  Richard  Bentley  and 
Son,  1885,  p.  131. 
»  Vol.  i.  p.  404. 
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enormous  mass  of  this  rock.  The  walls  of  the  chasm  below 
the  cascade  of  the  riyer  Anio  disclose  a  magnificent  section 
of  tufa  and  trayertine  in  horizontal  beds  for  a  depth  of 
400  or  500  feet.  Lyell  obseryes:  "There  can  be  little 
doubt  that  the  whole  of  this  deposit  was  formed  in  an  ex- 
tensiye  lake  which  existed  at  the  close  of  the  period  of 
yolcanic  actiyitj,  by  which  the  layas  and  tuffs  of  the 
Boman  territory  were  formed.  The  external  configuration 
of  the  country  has  since  been  greatly  changed,  and  the 
Anio  now  throws  itself  into  a  rayine  excayated  in  the 
ancient  trayertine.  Its  waters  giye  rise  to  masses  of  cal- 
careous stone,  scarcely,  if  at  all,  distinguishable  from  the 
older  rock." 

L<ike8  reauUing  from  the  Isolation  of  Sea- Water. — ^When- 
eyer  portions  of  sea-water  are  separated  by  any  means  from 
the  open  sea  so  as  to  form  isolated  lakes  or  lagoons,  the 
solution  quickly  becomes  concentrated  by  eyaporation,  and 
precipitation  taJses  place. 

Sea-water  contains  about  8i  per  cent,  of  solid  matter  in 
solution,  that  is  to  say,  eyery  ICR)  parts  of  sea- water  contain 
96^  parts  of  pure  water  and  3^  of  mineral  matter.  In  water 
from  the  English  Channel  the  actual  amount  is  3'525,  and 
in  the  Mediterranean  8*765. 

When  the  solid  matter  is  dried  and  analyzed  it  is  found 
to  consist  of  certain  salts  in  the  following  proportions :  ^ 


Chloride  of  sodium  (common  salt) 

77758 

Chloride  of  magnesium 

10-878 

Sulphate  of  magnesia 

.  ^       4-737 

Sidphate  of  lime        .        .        .        . 

3-600 

Sulphate  of  potash     .        .        .        . 

2-465 

Bromide  of  magnesium 

•217 

Carbonate  of  lime      .        .        .        . 

-345 

100-000 

The  smallness  of  the  quantity  of  carbonate  of  lime  to  be 
found  in  sea-water,  compared  with  that  in  almost  all  riyers,, 
is  a  point  that  will  be  discussed  in  a  subsequent  chapter. 

Another  substance  occurring  in  minute  proportions  ia 

rofessor  Dittmar,  *<  <  Challenger '  Report 
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sea-water  is  silica.  Porehhammer  found  it  in  all  the 
specimens  of  sea- water  which  he  analyzed,  the  mean  pro- 
portion being  9  in  100,000  parts  of  water. 

When  a  quantity  of  sea- water  is  isolated  and  eyaporated 
the  point  of  saturation  for  stdphate  of  lime  is  much  sooner 
reached  than  that  for  chloride  of  sodium ;  the  former  re- 
quiring only  37  per  cent,  of  the  water  to  be  removed,,  and 
the  latter  93  per  cent.  Gypsum,  therefore,  must  always  be 
deposited  before  rock-salt,  and  it  is  possible  for  this  depo- 
sition of  gypsum  to  take  place  without  the  point  of  satura- 
tion for  rock-salt  being  attained.  This  may  be  the  reason 
why,  though  the  sea  contains  twenty-one  times  as  much 
sodium  salt  as  it  does  gypsum,  that  the  latter  more  fre- 
quently occurs  as  a  mineiul  deposit  than  the  former,  though 
it  is  not  often  found  in  such  massive  beds. 

A  good  instance  of  the  formation  of  gypsum  beds  from 
the  concentration  of  sea-water  is  described  by  Professor 
Dana,  as  occurring  in  the  dried-up  lagoon  of  a  coral  island 
called  Jarvis  Island  in  the  Pacific  Ocean.^  The  flat  surface 
of  the  central  basin  is  covered  with  a  deposit  of  guano,  and 
imderlying  this  is  a  stratum  of  sulphate  of  lime,  frequently 
2  feet  thick,  resting  upon  a  bed  of  coral,  sand,  and  shells. 
This  deposit  of  gypsum  is  probably  to  be  explained  by  the 
gradual  elevation  of  the  island,  during  which  the  lagoon 
waters  were  partially  evaporated,  but  replenished  from 
time  to  time  by  an  influx  from  the  sea,  so  that  for  a  long 
time  the  condensation  was  not  sufficient  to  precipitate 
chloride  of  sodium.  Eventually,  however,  the  whole  was 
dried  up,  and  salt  was  deposited,  for  around  the  lowest 
portion  of  the  basin  are  incrustations  of  gypsum  and 
common  salt,  ripple  marks,  and  similar  evidences  of  the 
gradually  disappearing  lake.  Much  of  the  salt  may  have 
been  washed  out  by  rain.  Similar  deposits  of  gypsum 
occur  on  many  other  elevated  lagoons  among  the  Pacific 
islands. 

A  good  instance  of  the  production  of  rock-salt  by  the 
evaporation  of  sea- water  is  presented  by  the  Bitter  Lakes 
of  the  Isthmus  of  Suez.  Before  the  construction  of  the 
Suez  Canal  the  surface  of  these  lagoons  was  far  below  the 

^  Dana's  "  Coral  Reefs,"  1876,  p.  251. 
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level  of  the  Bed  Sea,  and  the  evaporation  of  their  waters 
had  produced  a  bank  of  salt  66,000,000  square  metres 
(16,000  acres)  in  extent,  composed  of  layers  which  were 
5  to  25  centimetres  (2  to  10  inches)  in  thickness.  It  would 
appear  that  the  lakes  had  been  inundated  from  time  to  time 
by  the  waters  of  the  Bed  Sea,  while  in  the  intervals  between 
these  incursions  the  evaporation  and  concentration  was  suffi- 
cient to  precipitate  a  layer  of  salt,  and  so  in  time  the  large 
deposit  above  mentioned  was  accumulated. 

Similarly  in  the  limans  of  Bessarabia,  on  the  Black  Sea, 
which  dry  up  in  summer,  we  have  the  formation  of  salt  beds 
going  on  before  our  eyes. 

One  of  the  aalinas  of  South  America  is  thus  described  by 
Mr.  Darwin : — "  The  mine  consists  of  a  hard  stratum,  be- 
tween 2  and  3  feet  thick,  of  the  nitrate,  mingled  with 
a  little  of  the  sulphate  of  soda,  and  a  good  deal  of  common 
salt.  It  lies  close  beneath  the  surface,  and  follows  for  a 
length  of  150  miles  the  margin  of  a  grand  basin  or  plain. 
This,  from  its  outline,  manifestly  must  once  have  been 
a  lake,  or  more  probably  an  inland  arm  of  the  sea,  as  may 
be  inferred  from  the  presence  of  iodic  salts  in  the  saline 
stratum.  The  surface  of  the  plain  is  3,300  feet  above  the 
Pacific." 
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CHAPTER  XIV. 

MARINE   DEPOSITS. 

IN  describing  the  operations  of  a  river,  we  have  followed 
the  course  of  the  detritus  transported  by  its  current, 
and  have  seen,  that  though  this  is  temporarily  deposited  at 
certain  points  along  the  river-valley,  yet  most  of  it  is 
eventually  moved  on  again  and  triturated  into  smaller  and 
smaller  particles.  Sediment  is  thus  continually  brought 
down  from  higher  to  lower  levels,  and  never  finds  a  per- 
manent resting-place  until  it  is  carried  into  a  lake  or  into 
the  sea.  Even  delta-mud  is  liable  to  removal,  and  from 
its  mouth  the  river  is  constantly  discharging  a  cloud  of 
sediment,  which  is  carried  away  by  the  tidal  currents  and 
spread  over  the  sea-bottom. 

Excepting,  therefore,  the  small  portion  which  is  inter- 
cepted by  lakes,  the  sea  is  the  ultimate  recipient  of  the 
materials  carried  down  by  rivers.  To  this  is  added  the 
detritus  which  the  sea- waves  erode  from  the  coast,  and  the 
whole  is  carried  by  the  marine  currents  till  circumstances 
determine  its  deposition.  Some  of  it  is  carried  along  the 
coast  and  sorted  by  the  action  of  waves  and  currents  till  it 
is  thrown  up  and  deposited  in  bays  and  inlets.  The  rest 
of  it  is  carried  out  to  sea,  and  dropped  at  a  greater  or  less 
distance  from  land,  according  to  the  fineness  of  the  sedi- 
ment and  the  strength  of  the  tidal  current,  but  it  is  only 
the  very  finest  material  which  is  carried  more  than  100 
miles  from  land. 

We  must  also  remember  that  besides  this  visible  sedi- 
ment there  is  much  invisible  material  dissolved  in  the 
water,  and  that  this  latter  also  is  poured  into  the  sea. 

The  lime  is  used  by  millions  of  marine  creatures  in 
building  up  their  shells  or  stony  structures,  and  the  silica 
is  used  in  the  same  way  by  certain  lowly  animals  and 
plants.      On  the  death  of  these  organisms  the  hard  parts 
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remain  and  accumulate,  either  on  tlie  sea-floor  or  against 
its  margins.  Corals,  Mollusca,  and  Echmoderms  are  the 
limestone  builders  of  the  present  day  as  they  have  been  in 
all  past  time,  and  it  is  essential  that  the  student  should 
form  an  accurate  conception  of  the  conditions  under  which 
such  rocks  have  been  formed.  For  the  purpose  of  making* 
the  account  of  these  as  clear  as  possible  we  shall  describe 
the  deposits  under  the  following  heads : — 

1.  Shallow.water  Deposits    .    '{^'  *f  ™g?°o^8- 

^  I  i>.  organic. 

1.    Shallow-Water  Deceits. 

In  the  present  chapter  shallow- water  deposits  formed 
of  inorganic  current-borne  detritus  derived  from  the  waste 
of  the  land  will  alone  be  considered. 

Assortment  of  Material. — Let  us  commence  with  the 
case  of  a  simple  coast-line  like  that  of  the  north  coast  of 
Spain,  bordering  the  Bay  of  Biscay,  or  that  of  the  west  coast 
of  South  America,  where  for  many  hundred  miles  no  large 
rivers  enter  the  sea,  and  where  the  conditions  of  deposit 
are  consequently  reduced  to  their  simplest  form.  On  such 
coasts  the  short  and  rapid  torrents  from  the  mountains 
carry  material  to  the  sea,  and  the  waves  quarry  more  from 
the  diffSy  and  these  are  regularly  sorted  by  the  tidal 
currents.  Thus  for  several  thousand  miles  along  the 
coasts  of  Peru  and  Chili,  there  is  a  'perpetual  rolling  of 
shingle  along  the  shore,  parts  of  which  are  incessantly  re- 
duced to  the  finest  mud  by  the  waves  and  swept  out  into 
deep  water  by  the  tides  and  currents.  Off  this  coast  are 
successive  deposits  of  shingle,  sand,  and  mud,  disposed 
in  regular  longitudinal  bands,  the  coarser  portions  always 
nearest  to  the  shore,  and  the  finer  sediment  furthest  away 
from  it. 

The  same  is  the  case  along  the  eastern  coast  of  Pata- 
gonia, and  the  soundings  taken  between  Santa  Cruz  and 
the  iViIkland  Islands  in  H.M.S.  "  Beagle,"  are  mentioned 
by  Mr.  Darwin  ^  as  a  good  instance  of  this  assortment  of 

*  "  Voyage  of  the  « Beagle,'  1876." 
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material,  the  size  of  the  stones  decreasing  regularly  with 
the  distance  from  shore : — 

2  to  4  11  to  12       Pebbles  as  large  as  walnuts  with 

others  of  smaller  sise  inter- 
mixed. 
4  to  7  17  to  19       Pebbles  about  the  size  of  hazel 

nuts. 
10  to  11        23  to  25       Pebbles  about  the  size  of  peas. 
12  30  to  40       Pebbles  iV  of  an  inch  diameter. 

22  to  150      45  to  65       Coarse  to  fine  sand. 

Let  us  next  take  the  case  of  a  small  riyer  with  a  rapid 
current  carrying  detritus  of  all  sorts,  from  small  stones 
and  pebbles  to  £ie  mud,  according  to  the  Tolume  of  water, 
and  discharging  them  into  a  sea  where  there  is  no  strong 
cross-current.    As  the  river  enters  the  sea  it  will  first  de- 


ft 

Fig.  64.    Lenticular  Deposits  on  a  Sea-bottom. 
9t  s,  the  surface  of  the  sea.    a,  pebble-beds,    b,  sand,    c,  mud. 

posit  the  pebbles,  next  the  smaller  stones  and  coarse  sand> 
farther  out  fine  sand,  and  last  of  all,  silt  and  mud.  This 
order  of  succession  is  always  maintained  except  where  in- 
terrupted by  local  currents  and  influences.  The  width 
and  extent  of  these  deposits  will,  however,  vary  from  time 
to  time ;  when  a  river  is  in  flood  the  coarser  materials  will 
be  carried  out  to  a  greater  distance,  so  that  pebbles  and 
shingle  will  be  deposited  over  a  tract  of  sand,  and  sand  will 
invade  the  region  of  mud :  again,  when  the  river  is  low, 
day  or  mud  will  settle  down  nearer  shore,  as  it  did  before 
the  flood-time,  and  cover  up  the  outer  beds  of  sand.  Li 
this  way  wedge-shaped  or  lenticular  deposits  of  the  various 
materials  will  be  formed  and  interbedded  with  each  other^ 
as  indicated  diagrammatically  in  fig.  64. 

There  will  be  a  further  assortment  of  material  according 
to  the  differences  in  the  shape  and  specific  gravity  of  the 
particles  composing  the  muddy  sediment.    This  subject 
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lias  been  investigated  by  Mr.  Babbage»  who  supposes  the 
case  of  a  river,  the  month  of  which  is  100  feet  deep  (and  a 
current  of  2  miles  per  hour),  delivering  four  varieties  of 
fine  detritus  into  a  sea  which  has  a  uniform  depth  of  1,000 
feet  (166  fathoms)  over  a  great  extent,  which  sea  is  tra- 
versed by  an  ocean  current  moving  in  the  same  direction 
and  with  the  same  velocity. 

He  takes  for  granted  that  the  four  varieties  of  sediment 
are  such  as,  from  their  size,  shape,  and  specific  gravity, 
would  fall  through  still  water,  the  first  -10  feet  per  hour, 
the  second  8  feet,  the  third  5  feet,  and  the  fourth  4  feet. 
The  combined  effect  of  the  downward  motion  of  the  de- 
tritus and  the  onward  motion  of  the  water,  would  then 
bring  the  first  variety  to  the  bottom  of  the  sea,  at  a  dis- 
tance of  180  miles  from  the  river's  mouth,  and  strew  it 
over  a  space  20  miles  long ;  the  second  variety  would  only 
begin  to  reach  the  bottom  225  miles  from  the  river's  mouth, 
and  would  be  spread  over  25  miles,  and  so  on,  as  in  the 
following  table : — 


No. 

Velocity  of 
fall  per  hour. 

Nearest  dis- 
tance of  deposit 
to  river  mouth. 

Length  of 
deposit. 

Greatest  dis- 
tance of  deposit 
from  river 
mouth. 

1 
2 
3 
4 

Feet. 

10 

8 

5 

4 

Miles. 
180 
225 
360 
450 

Miles. 
20 
25 
40 
50 

Miles. 
200 
250 
400 
500 

We  should  thus  have,  proceeding  from  the  same  river,  and 
poured  into  the  sea  either  simultaneously  or  at  different 
times,  four  different  and  widely  separated  patches  of  mud 
or  day  on  the  sea-bottom. 

It  must  not  be  supposed,  however,  that  all  the  detritus 
poured  into  the  sea  by  rivers,  or  obtained  by  coast-erosion, 
is  distributed  in  this  regular  manner.  The  sea-shore  is 
not  always  bordered  by  a  shingle-beach,  neither  is  the  finer 
4sediment  invariably  carried  out  to  a  distance  from  land. 
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Maoij  rivers  never  carry  anything  coarser  than  sand  or  silt 
into  the  sea,  even  when  floods  have  occurred  in  the  higher 
parts  of  their  valleys.  Other  rivers  terminate  in  estuaries^ 
where  they  only  deposit  the  finest  mud.  Again,  the  mate- 
rials derived  from  the  erosion  of  cliffs  are  often  carried 
laterally  along  the  shore  to  great  distances ;  the  set  of  the 
currents  varies  with  the  height  of  the  tide,  and  sometimes 
an  undercurrent  will  set  in  one  direction,  while  there  is  an 
overflow  in  a  different  direction,  so  that  much  even  of  the 
finer  sediment  may  be  carried  along  the  shore  and  depo-- 
sited  where  the  currents  slacken  in  bays  or  inlets. 

Thus  there  are  tracts  along  every  coast-line  where  the 
land  is  gaining  upon  the  sea  in  consequence  of  the  restora- 
tion of  some  of  the  material  which  has  been  torn  from  it 
elsewhere.  Shingle-beaches,  river-bars,  and  sand-banks, 
are  being  formed  along  shores  which  do  not  supply  the 
material  of  which  these  deposits  are  composed,  sheltered 
bays  and  estuaries  are  being  silted  up  with  materials  intro- 
duced by  marine  currents,  and  the  overplus  of  sand  thrown 
up  by  the  waves  is  often  blown  by  the  wind  into  sand  hills- 
which  serve  to  protect  the  newly  formed  and  low  lying 
land  from  the  effects  of  storms  and  high  tides. 

Shingle  Beaches. — ^We  have  seen  that  the  coarser 
portions  of  the  d^ris  won  from  the  land  are  generally  left 
or  washed  up  on  the  shore  near  high- water  mark,  and  form 
the  shingles  or  pebble-beaches  of  which  mention  has  already 
been  made. 

Attention  to  the  changes  of  a  shingle-beach  will  soon 
show  that  besides  the  moving  of  the  stones  backwards  and 
forwards  with  every  tide  there  is  also  a  general  lateral 
movement  along  the  shore.  This  is  due  to  the  set  or  in- 
clination given  to  the  waves  by  the  prevalent  winds  and 
currents ;  the  breakers  thus  come  to  have  a  slightly  oblique 
action ;  they  do  not  drop  a  pebble  exactly  where  they  picked 
it  up,  but  are  constantly  shifting  the  pebbles  a  little  further 
on  in  one  direction,  llie  beach,  therefore,  considered  as  a. 
whole,  may  be  said  to  travel  in  that  direction,  until  it  is 
arretted  by  some  point  of  land,  or  by  some  artificially 
constructed  barrier. 

It  is  possible  also  for  stones  and  pebbles  to  be  carried  in 
various  directions  through  the  mediation  of  sea-weeds. 
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Mr.  G.  H.  Kinahan  ^  has  obserred  certain  beaches  on  the 
Galwaj  coast,  where  yery  large  rounded  stones  occur, 
and  found  that  the  quantity  of  these  was  increased  after 
storms,  and  that  some  of  the  stones  must  have  travelled 
through  water  of  15  fathoms  in  order  to  reach  the  beaches. 
On  investigation  he  discovered  that  shnilar  stones  were 
scattered  over  the  sandy  bottom  of  the  sea  outside,  and 
that  laminaria  and  other  sea- weeds  grew  luxuriantly  on 
them,  often  having  fronds  20  feet  long.  These  fronds 
made  the  stones  so  buoyant,  and  gave  such  a  surface  for 
waves  and  currents  to  act  on,  that  though  unmoved  in 
calm  weather  they  were  transported  landwards  during 
storms,  and  were  eventually  l^own  up  on  the  beach, 
where  the  weeds  decayed  and  the  stones  were  added  to 
the  shingle. 

On  the  east  coast  of  England  sand  and  shingle  travel 
from  north  to  south,  because  a  strong  current  sweeps  south- 
ward along  the  shore.  On  the  south  coast  beaches  travel 
-eastward,  in  consequence  of  the  prevalent  winds  and 
strongest  currents  both  setting  from  the  S.W.  If  a  pier 
or  groin  be  erected  anywhere  on  this  coast  a  bank  of 
shingle  wiU  be  gradually  accumulated  on  its  western  side. 
Long  shingle  beaches  are  formed  at  certain  points,  and 
nearly  all  the  pebbles  composing  them  have  been  ob- 
tained from  the  clifEs  and  shores  to  the  westward  of  that 
place. 

The  Ohesil  Bank,  on  the  coast  of  Dorset,  is  a  good  in- 
stance of  such  a  beach.  It  commences  near  Burton  Brad- 
stock,  and  extends  as  far  as  the  Isle  of  Portland,  a  distance 
of  17  miles.  For  the  first  5  miles  it  is  banked  against  the 
shore ;  from  Abbotsbury  onwards  there  is  a  narrow  channel 
or  estuary,  called  the  Fleet,  on  its  inner  side,  this  section 
of  its  length  having  a  height  of  20  to  80  feet  above  high- 
water  mark,  and  a  breadth  of  about  500  feet.  The  last  5 
miles  form  a  bar  or  isthmus  connecting  the  Isle  of  Port- 
land with  the  mainland,  and  at  the  S.E.  end  of  this,  its 
height  is  40  feet  and  its  breadth  about  600  feet.  It  is  a 
remarkable  fact,  that  although  the  pebbles  composing  the 
beach  have  all  come  from  the  westward,  those  at  the  N. W. 

»  «*  Proc.  Roy.  Irish  Ac,"  2nd  Ser.  voL  iii.  p.  202. 
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end  are  very  small,  and  they  graduallj  increase  in  size 
towards  the  S.E.  The  reason  of  this  is  probably  to  be 
found  in  the  greater  size  of  the  waves  which  break  upon 
the  south-eastern  end,  while  nearer  the  head  of  the  bay 
the  waters  are  quieter  and  more  protected  from  storms. 
The  larger  waves  throw  up  the  larger  stones,  and  thus 
the  material  coming  from  the  west  is  sorted  according 
to  size  and  weight  along  the  whole  length  of  the  Bank. 

Hurst  Castle  Bank  is  another  good  example  of  a  shingle- 
beach.  This  juts  out  from  the  Hampshire  coast,  across 
the  western  entrance  of  the  Solent,  thus  forming  a  bar 
which  is  about  two  miles  long,  70  yards  broad,  and  12  feet 
high.  It  consists  of  rounded  flints  derived  from  the  waste 
of  the  gravel-capped  cliffs  to  the  westward.^  Other  beaches 
formed  in  the  same  way  of  material  coining  from  the  west 
occur  at  Eastbourne  and  Dungeness. 

Sand-flats  and  Sand-banks. — Along  all  the  more  open 
parts  of  a  coast-line  sand  is  generally  accumulated ;  where 
there  is  a  shingle  beach  the  sand  forms  a  flat  below  it,  and 
is  only  exposed  at  low  water,  but  where  there  is  no  shingle 
it  forms  the  foreshore  also,  being  driven  up  into  ridges  by 
the  storm- waves,  and  often  blown  into  sand-hiUs  by  the 
wind  (see  p.  200). 

Open  bays  are  favourable  situations  for  the  accumula- 
tion of  sand,  the  material  being  brought  into  the  bay  by 
the  tidal  current  and  dropped  at  high  tide,  while  the  ebb 
flow  in  many  cases  only  carries  back  the  finer  sediment  and 
leaves  the  sand  above  low-tide  level.  This  sorting  action 
is  assisted  by  the  waves,  which  keep  the  surface  of  the 
sand-flat  in  a  state  of  constant  oscillation,  both  during  the 
rising  andfalUng  of  the  tide.  During  storms  and  high 
winds  this  wave-action  extends  to  deeper  water,  as  is 
proved  by  the  casting  up  of  molluscs  and  other  animals 
which  are  known  to  live  on  the  bottom  in  moderate 
depths.  Wherever  tidal  currents  act  strongly  they  keep  the 
materials  on  the  bottom  in  a  state  of  movement,  but  where 
they  spread  over  wide  and  shallow  surfaces  these  materials 
accumulate  to  a  greater  or  less  extent.  It  is  in  this  way 
that  the  floors  of  so  many  of  our  bays  are  paved  with 
sand 

*  Lyell's  "  Principles  of  Geology,"  vol.  L  .p.  531. 
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Morecombe  Bay  on  the  Lancashire  coast  is  a  good 
example  of  a  bay  wMcli  is  being  gradually  filled  up  with 
sand ;  in  this  case  the  sand  is  supplied  partly  by  the  rivers 
flowing  into  the  bay  (the  Lune,  the  Kent,  and  the  Leven), 
and  partly  by  the  flocNcl-tide  entering  the  bay,  by  which  the 
whole  supply  is  distributed.  Including  the  Lancaster  and 
Fleetwood  Sands,  there  are  about  160  square  miles  of  sand 
and  silt  exposed  at  low  water  over  this  tract.  The  depth 
of  the  deposit  is  unknown,  but  is  probably  at  least  40  or  50 
feet  in  many  places.  Shifting  quicksands  occur  within  it,  in 
which  a  coach  and  horses  have  been  swallowed  up. 

As  a  case  of  accumulation  under  different  conditions  we 
may  mention  the  sands  at  the  mouth  of  the  Thames.  The 
material  for  these  has  been  brought  entirely  by  the  tidal 
currents,  and  is  probably  derived  from  the  waste  of  the 
Norfolk  and  Suffolk  coasts.  Part  of  it  is  arrayed  at  the 
mouth  of  the  estuary  in  long  sand-banks,  with  deep 
channels  between  them,  but  a  great  quantity  is  thrown  up 
on  the  Essex  coast,  where  it  forms  the  large  sand-flats 
known  as  the  Maplin  and  Foulness  Sands,  of  which  an 
area  of  about  40  square  miles  is  exposed  at  low  water. 

With  regard  to  the  depth  of  sand  on  these  banks,  Mr. 
T.  H.  Tizard  ^  says  "  it  is  probable  they  are  upwards  of 
60  feet  thick,  for  channels  of  that  depth  have  opened  out 
across  the  sands  and  again  closed  up,  so  that  the  bank  has 
been  dry  at  low  water  where  60  feet  formerly  existed ;  and 
the  Goodwin  Sands  in  the  Downs,  which  have  been  bored, 
proved  to  be  80  feet  thick." 

The  sands  of  Pegwell  Bay,  between  Sandwich  and  Eams- 
gate,  are  another  good  instance  of  sands  carried  and  de- 
posited entirely  by  marine  currents.  In  this  case  the  sand 
travels  from  the  south,  and  is  washed  up  into  the  bay 
which  is  formed  by  the  projecting  cliffs  of  the  Isle  of 
Thanet. 

Silt  and  Mud-fiats. — ^These  appear  to  be  formed  in  two 
ways.  Some  are  due  to  the  formation  of  shingle  beaches 
or  sand-bars  across  the  mouth  of  an  estuary,  causing  the 
water  inside  to  spread  over  a  wide  area,  in  which  the  sedi* 
ment  brought  down  by  the  river  and  that  brought  in  by 

» ."  Natnre,"  April,  1890,  p.  539. 
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the  tide  is  spread  out.     The  marshes  of  the  Yare  have 
been  formed  in  this  way. 

"  In  the  time  of  the  Saxons  the  valley  of  the  Tare  was 
a  great  estuary,  and  extended  as  far  as  Norwich,  which 
city  is  represented,  even  in  the  thirteenth  and  fourteenth 
centuries,  as  '  situated  on  the  banks  of  an  arm  of  the  sea.' 
The  sands  whereon  Yarmouth  is  built,  first  became  firm 
and  habitable  ground  about  the  year  1008,  from  which 
time  a  line  of  dunes  has  gradually  increased  in  height  and 
breadth,  stretching  across  the  whole  entrance  of  the  ancient 
«stuary,  and  obstructing  the  ingress  of  the  tides  so  com- 
pletely, that  they  are  only  admitted  by  the  narrow  passage 
which  the  river  keeps  open,  and  which  has  gradually 
shifted  several  miles  to  the  south." 

**  By  the  exclusion  of  the  sea,  thousands  of  acres  in  the 
interior  have  become  cultivated  lands ;  and,  exclusive  of 
smaller  pools,  upwards  of  sixty  fresh-water  lakes  have 
been  formed,  varying  in  depth  from  15  to  30  feet,  and  in 
extent  from  1  acre  to  1,200.  The  Yare,  and  other  rivers, 
frequently  communicate  with  these  sheets  of  water ;  and 
thus  they  are  liable  to  be  filled  up  gradually  with  lacus- 
trine and  fluviatile  deposits,  and  to  be  converted  into  land 
covered  with  forests."  ' 

Other  marshes  and  mud-flats  are  formed  off  open  shores 
entirely  by  material  brought  in  from  the  sea ;  the  condi- 
tions being  apparently  such  as  will  cause  the  current 
setting  along  the  coast  to  slacken  gradually,  so  that  it  first 
drops  the  sand,  and  is  only  able  to  carry  fine  sediment 
shoreward  over  the  sand-flats.  This  process  can  be  watched 
in  operation  along  the  shores  of  the  Wash.  The  strong 
current  from  the  north  brings  sand  and  silt  into  the  bay  of 
the  Wash,  and  the  waters  of  every  tide  bear  along  a  cer- 
tain amount  both  of  the  coarser  and  finer  material.  The 
former  is  naturally  deposited  before  the  latter,  and  forms 
sand-banks  and  sandy  flats  which  extend  up  to  the  limits 
of  ordinary  high- water  mark,  but  are  constantly  varying 
in  their  position  and  conformation.  Inside  these  sand-flats, 
are  mud-  or  silt-flats  which  are  only  covered  at  spring-tides. 
When  the  water  reaches  these  higher  flats,  the  force  of  the 

'  Lyeirs  *'  Principles  of  Geology,"  vol  i.  pp.  616,  617. 
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tide  is  Blackening,  and  the  current  is  never  strong:  the 
muddj  waters  slowly  spread  over  the  nearly  level  surface* 
and  much  of  the  sediment  which  they  carry  is  deposited 
during  the  slack  of  the  tide.  This  deposit  remains  where 
it  rests,  for  the  slight  movement  of  the  ebb  is  not  sufficient 
to  disturb  it,  although  it  is  capable  of  carrying  away  suck 
sediment  as  remains  in  suspension. 

The  tract  of  shore,  therefore,  which  lies  between  the 
high-water  marks  of  ordinary  tides  and  spring-tides,  is 
slowly  raised  by  the  thin  sheet  of  mud  which  is  spread 
over  it  at  eveiy  spring-tide;  every  such  sheet  or  layer 
forms  a  separate  lamina,  and  the  whole  acciunulation  is  a 
deposit  of  laminated  silt. 

When  the  surface  of  the  flat  has  thus  been  raised  to  a 
certain  height,  the  glass- wort  (Salicorina  herhacea),  locally 
known  as  the  samphire,  begins  to  grow  upon  it,  and  facili- 
tates the  further  deposition  of  silt,  which  now  rapidly  accu- 
mulates. The  surface  becomes  gradually  covered  with  sea- 
thrift  and  other  marsh-plants,  and  passes  into  the  condi- 
tion of  **  green  marsh,"  which  is  only  overflowed  at  very 
high  spring-tides.  Mr.  Skertchly  observes  that  the  "  sam- 
pMre  marsh "  is  always  distinguished  from  that  which, 
having  become  covered  with  verdure,  is  called  "  green 
marsh  ** ;  also  that  the  two  tracts  occupy  different  levels, 
the  samphire  marsh  being  only  86  feet  above  Ordnance 
datum,  and  the  green  marsh  averaging  11  feet  above  the 
same  datum. 

The  Marsh-land  of  East  Lincolnshire,  which  extends  from 
the  mouth  of  the  Humber  to  the  Wash  southward  for  a 
distance  of  35  miles,  with  an  average  width  of  3  to  4  miles, 
has  been  formed  in  the  manner  above  described.  Beds  of 
peat  containing  branches  and  trunks  of  trees  are  inter- 
bedded  with  the  marine  silts  and  clays,  and  mark  periods 
when  deposition  was  interrupted ;  but  the  series  is  essen- 
tially marine,  and  is  from  30  to  40  feet  thick  near  the 
coast.  The  sediment  of  which  it  is  composed  has  been 
derived  partly  from  the  erosion  of  the  coast  of  Holdemess» 
and  partly  from  the  supply  brought  down  by  the  Humber. 
The  Marsh-land  is  not  now  being  added  to  except  at  and 
north  of  Saltfleet,  while  the  southern  part  of  it  from 
Mablethorpe  to  Wainfleet  was  once  more  extensive  than 
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it  is  now,  having  at  various  times  l)een  reduced  by  inroads 
of  the  sea. 

The  Marsh-land  passes  southwards  into  the  wide  level 
of  the  Fen-land,  which  is  not  a  delta  (as  sometimes  stated), 
but  a  silted-up  bay.  The  silts  and  clays  of  the  Fens  are 
not  fluviatile,  but  marine  deposits ;  they  are  a  continuation 
of  the  marsh  beds,  and  have  been  formed  in  the  way  above 
described.  Mr.  Skertchly  states^  that  in  some  places  a 
breadth  of  3  nules  of  land  has  been  formed  since  the 
Koman  occupation,  and  that  the  process  is  now  going  on. 
About  55  square  miles  were  thus  added  to  England 
between  the  second  and  seventeenth  centuries,  i,e,  in  1,500 
years ;  assuming,  therefore,  that  the  rest  of  the  Fen-land 
has  been  accumulated  at  the  same  rate,  and  estimating  the 
area  of  silt  and  clay  land  at  550  square  miles,  the  time 
occupied  in  its  formation  will  have  been  15,000  years. 

Silting  up  of  Bays  on  the  South  Coast.— It  would 
be  easy  to  indicate  the  tracts  along  the  eastern  and  southern 
coasts  of  England  where  similar  additions  have  been  made 
to  the  land,  just  as  in  Chapter  X.  we  mentioned  those  places 
where  land  had  been  lost  by  the  action  of  the  sea ;  but  it 
would  occupy  too  much  space  to  describe  all  these  in 
detail,  and  it  will  suffice  to  mention  a  few  of  the  more 
notable  instances  of  accretion  that  occur  on  the  south 
coast. 

The  first  of  these  is  the  union  of  the  Isle  of  Thanet  to 
Sent  in  historic  times.  **  The  isle  of  Thanet  was,  in  the 
time  of  the  Bomans,  separated  from  the  rest  of  Kent  by  a 
navigable  channel,  through  which  the  Eoman  fleets  sailed 
on  their  way  to  and  from  London.  Bede  describes  this 
small  estuary  as  being,  in  the  beginning  of  the  eighth 
century,  three  furlongs  in  breadth ;  and  it  is  supposed  that 
it  began  to  grow  shallow  about  the  period  of  the  Norman 
Conquest.  It  was  so  far  silted  up  in  the  year  1345,  that 
an  Act  was  obtained  to  build  a  bridge  across  it ;  and  it 
has  since  become  marsh-land,  with  small  streams  running 
through  it. 

This  silted-up  channel  widens  out  eastward  into  a  tract 
of  marsh-land  which  extends  along  the  border  of  Pegwell 

'  **  Geology  of  the  Fenland,"  Mem.  Geol.  Surv.,  pp.  9,  182. 
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Bay  from  Minster  to  Deal.  It  is  in  fact  a  silted-up 
portion  of  that  bay,  and  the  old  Boman  port  of  Bitupium  is 
now  a  mile  and  a  half  from  the  shore. 

The  rich  level  tract  called  Bomney  Marsh,  lying  between 
Hythe  and  Hastings,  is  the  site  of  a  silted-up  bay ;  mea- 
sured along  the  coast,  its  frontage  is  about  25  miles  in 
length,  and  its  area  is  about  100  square  miles.  The  sea  is 
now  excluded  from  the  marsh,  partly  by  natural  barriers 
of  blown  sand  and  shingle,  partly  by  artificial  banks,  but 
the  greater  part  of  its  surface  is  below  the  level  of  high 
tide.  The  marine  and  estuarine  deposits  filling  this  tract 
are  sometimes  70  feet  deep,  the  lower  part  being  always 
sand  with  marine  shells,  and  only  the  upper  10  or  15  feet 
consisting  of  silt  and  clay  with  layers  of  peat.  The  marsh 
has  received  great  accession  within  historic  times.  The 
town  of  Bye  was  once  destroyed  by  the  sea,  but  it  is  now 
two  miles  distant  from  it. 

In  Sussex,  between  Hastings  and  Eastbourne,  there  is  a 
considerable  area  of  marsh,  which  doubtless  occupies  the 
site  of  a  silted-up  bay.  In  Pevensey  Level  the  general 
succession  of  deposits  is — (1)  Vegetable  soil;  (2)  Clay, 
with  fresh-water  shells ;  (3)  Clay,  with  marine  shells. 

The  Lewes  Levels,  between  Newhaven  and  Lewes,  occupy 
the  site  of  an  estuary  which  had  been  silted  up  within  the 
last  800  years.  The  usual  succession  of  beds  found  here 
is  described  by  Dr.  Mantell  as  follows,  the  total  depth 
being  from  30  to  36  feet  :-^ 

1.  A  bed  of  peat  5  feet  thick,  enclosing  trunks  of  trees. 

2.  Blue  clay,  containing  fresh- water  shells. 

3.  Blue  clays,  containing  a  mixture  of  fresh-water  and 
marine  shells. 

4.  Blue  clay,  with  marine  shells  only,  and  skull  of 
Narwhal. 

5.  At  bottom  a  bed  of  white  marly  clay. 

The  contents  of  these  deposits  give  the  key  to  the  whole 
history  of  their  formation.  The  clay  with  marine  shells 
indicates  the  period  when  the  sea  had  free  access  to  the 
valley ;  subsequently  a  shingle  bar  was  formed  across  its 
mouth,  blocking  out  the  salt-water,  and  causing  the  for- 
mation of  a  marsh.  The  gradual  change  from  salt  to 
fresh- water  conditions  is  plainly  shown  by  the  increasing 
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proportion  of  fresh- water  products,  till  at  length  it  became 
a  land  surface,  and  supported  a  thick  growth  of  forest.^ 

Selsey,  as  its  name  implies,  was  once  an  island,  and  was 
separated  from  the  mainland  by  a  shallow  estuary,  the 
site  of  which  is  now  occupied  by  Thomey  Marshes  and 
Pagham  Harbour.  The  old  historian  Bede  (a.d.  731), 
describes  the  place  "as  encompassed  by  the  sea  on  all 
sides  except  the  west,  where  is  an  entrance  about  the  cast 
of  a  sling  in  width  ;  which  kind  of  place  is  by  the  Latins 
called  a  peninsula."  By  the  time  of  the  Conquest,  how- 
ever (a.d.  1060),  it  appears  to  have  been  completely  joined 
to  the  mainland. 

Poole  Harbour,  on  the  coast  of  Dorset,  has  been  silted 
up  in  still  more  recent  times.  Mr.  Brannon,  who  examined 
and  reported  on  the  harbour  in  1859,  has  traced  the  fol- 
lowing sequence  of  causes.  He  says :  "  As  long  as  the  sand 
clifPs  to  the  east  of  the  harbour  stood  southward  of  certain 
lines  of  bearing  with  the  Isle  of  Purbeck,  all  the  sand  worn 
from  them  was  carried  out  to  sea  and  deposited  in  the 
Channel.  So  soon,  however,  as  these  cliffs  had  been  cut 
back  within  these  lines  of  bearing,  the  ebb  currents  formed 
an  eddy  outside  the  harbour,  and  in  it  some  of  the  sand 
was  deposited.  This  sand-bank  (the  Hook  Sand)  does  not 
appear  to  have  existed  before  the  reign  of  Henry  VIII., 
and  when  it  had  so  increased  as  to  rise  above  low-water 
mark,  the  wind  drove  up  sand  on  to  the  shore,  and  sand- 
hills were  formed  across  the  mouth  of  the  harbour,  leaving 
only  the  present  narrow  entrance."  He  thinks  the  silting- 
up  of  the  harbour  began  only  about  200  years  ago,  but  at 
first  the  changes  were  very  slight,  and  were  scarcely 
noticeable  up  to  the  end  of  the  eighteenth  century.  The 
material  is  brought  in  from  the  Hook  Sand  by  the  tide, 
and  since  the  beginning  of  this  century  the  flood-tide  has 
taken  in  very  much  more  than  the  ebb  carried  out,  and 
what  was  once  a  fine  harbour  is  being  rapidly  converted 
into  a  marine  marsh.^ 

Deposition  increased  by  Depression. — It  is  evi- 
dent that  when  any  part  of  a  bay,  or  estuary,  is  silted  up 
to  the  level  of  high-water  mark,  no  farther  deposition  can 

^  Mantell's  "Wonders  of  Geology,"  seventh  edition,  p.  62. 
«  See  "Geologist,"  vol.  iii.  p.  430. 
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take  place  over  its  surface :  the  material  brought  down 
by  the  streams  is  carried  on  and  deposited  outside  that 
already  accumulated,  and  so  the  newly-formed  land  in- 
creases by  the  addition  of  matter  to  its  margins,  as  already 
explained  in  the  case  of  deltas. 

It  is  clear  also  that  if  the  area  of  deposition  is  being 
raised,  the  silting-up  will  be  accelerated,  for  the  amount 
of  matter  deposited  over  any  one  spot  will  be  less  than  if 
the  area  were  stationary.  On  the  contrary,  if  the  w:hole 
area  be  permanently  lowered  a  few  feet,  mud  and  silt  will 
again  be  thrown  down  and  will  continue  to  accumulate 
until  it  raises  the  surface  to  the  former  level,  and  thus 
a  greater  amount  of  matter  will  be  deposited  over  a  given 
spot.  Continued  subsidence  will  allow  of  equally  continued 
deposition,  and  in  this  manner  the  thickness  of  deposits 
may  be  indefinitely  increased. 

L)eposits  in  Shallow  Seas. — Much  of  the  material 
gained  from  the  land  is  carried  seaward  by  the  retiring 
tide  and  by  the  currents  which  set  along  the  shores,  and 
is  eventually  deposited  at  a  greater  or  less  distance  from 
the  land,  according  to  the  strength  of  the  current  and  the 
fineness  of  the  material. 

The  seas  surrounding  our  own  islands  are  exceptionally 
shallow,  the  North  Sea  being  in  few  places  more  than 
50  fathoms  deep,  and  there  are  only  two  parts  of  the  Irish 
Sea  which  reach  that  depth.  From  the  deposits  which  are 
now  being  formed  in  these  seas,  we  may  obtain  a  good 
idea  of  {he  manner  in  which  the  materials  worn  from  the 
surrounding  shores  are  disposed  over  their  bottoms.  The 
Admiralty  charts,  like  all  other  good  charts,  indicate  by 
letters  the  nature  of  the  bottom  as  well  as  the  depth ;  and 
by  colouring  these  charts  with  different  colours,  according 
as  the  bottom  consists  of  sand  or  mud,  we  get  a  very 
instructive  map  of  the  deposits  now  being  formed. 

Sand  is  the  prevalent  deposit  in  aU  these  shallow  seas. 
Thus  the  floor  of  the  North  Sea  may  be  described  as  a  vast 
expanse  of  sand  interrupted  only  by  a  few  tracts  of  mud. 
The  chief  of  these  mud  tracts  is  a  rather  large  space  to 
the  north-east  of  Scotland,  and  beyond  it  there  is  an  area 
of  clayey  bottom,  which  probably  dates  from  the  Glacial 
period,  and  is  not  a  modem  deposit.     In  the  middle  of  the 
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North  Sea,  between  Denmao'k  and  the  Dogger  Bank,  there 
is.  a  considerable  area  of  muddy  sand  and  silt,  but  this  is 
entirely  surrounded  by  sand.^ 

In  the  English  Channel  sand  also  predominates,  but 
much  of  it  is  shell  sand,  which  will  be  described  under  the 
head  of  organic  deposits.  There  are  some  irregular  tracts 
of  gravel  and  shingle  which  occur  at  various  depths,  and 
most  of  them  are  probably  ancient  deposits  formed  under 
different  geographical  conditions  than  those  which  now 
prevail.*  There  are  also  several  tracts  of  bare  rock,  evi- 
dently spaces  swept  clear  of  deposit  by  the  strong  ctirrents 
which  set  in  and  out  of  the  Channel. 

Outside  the  mouth  of  the  Channel  there  is  a  submarine 
plateau  which  extends  for  200  miles  west  of  Cornwall,  and 
for  the  same  distance  south  of  Ireland,  and  is  everywhere 
covered  by  less  than  100  fathoms  (600  feet)  of  water. 
Over  the  greater  part  of  this  large  area  sand  of  varying 
degrees  of  coarseness  prevails,  with  here  and  there  a  patch 
of  gravelly  or  stony  bottom,  and  a  few  tracts  of  mud. 
One  of  these  last  lies  off  the  mouth  of  the  Bristol  Channel, 
and  about  midway  between  Cornwall  and  Ireland,  its 
existence  apparently  depending  more  on  the  influence  of 
currents  than  on  the  depth  of  water.  It  is  entirely  sur- 
rounded by  an  irregular  tract  of  fine  sand  and  silt,  which 
is  prolonged  eastwards  toward  the  mouth  of  the  Bristol 
Channel,  and  southward  to  encircle  another  tract  of  mud, 
which  lies  to  the  west  of  the  Scilly  Islands.  The  disposi- 
tion of  these  deposits  is  represented  on  the  map,  flg.  65, 
the  scale  of  which  is  about  30  miles  to  an  inch. 

There  are  one  or  two  other  small  patches  of  mud  and 
muddy  sand,  but  all  the  outer  part  of  the  plateau,  which 
is  between  70  and  100  fathoms  deep,  has  a  bottom  of  sand 
and  shelly  sand.  Such  a  distribution  of  material  is  an 
exception  to  the  rule  that  the  fineness  of  the  sediment 
increases  with  the  distance  from  land,  and  is  evidently  the 
outcome  of  some  special  conditions.  We  should  have 
expected  that  at  a  certain  distance  from  the  shores  of 
Ireland  and  Cornwall  fine  sand  would  everywhere   be 

^  For  details  see  Delesse,  "Lithologie  dn  Fond  des  Mere,'* 
Paris.  1872. 
'  See  Godwin- Austen,  "  Quart.  Jonrn.  Geol.  Sec,"  voL  vi.  p.  60. 
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found,  that  further  out  there  would  be  mud,  and  that 
the  mud  would  extend  westward  until  it  gradually  passed 
into  the  deep-sea  muds  and  oozes  of  the  Atlantic,  which 
will  be  described  in  the  next  chapter. 

This,  however,  is  not  the  case,  and  the  anomaly  may 
perhaps  be  accounted  for  partly  by  the  peculiar  contours 
of  the  sea-floor,  and  partly  by  the  influence  of  waves  of 
translation  generated  in  the  Atlantic,  and  affecting  a 
great  depth  of  water.  Mr.  A.  Hunt  has  discussed  thi& 
matter,  and  writes :  '*  It  seems  highly  probable  that  water 
displaced  by  wind  pressure  and  atmospheric  pressure  over 
large  areas  in  the  Atlantic  enters  the  Channel  in  the  form 
of  waves  of  translation,  and  there  stirs  up  and  places 
within  the  grasp  of  other  currents  all  silty  deposits  light 
enough  to  be  disturbed.  Such  removal  of  mud  and  silt 
would  account  for  the  sandy  character  of  the  bottom  as 
evidenced  by  the  charts."  ^  The  mud  so  sifted  out  would 
be  redeposited  nearer  shore,  and  the  two  tracts  in  fig.  65 
probably  lie  beneath  areas  where  the  surface  currents  have 
a  tendency  to  circulate. 

In  the  Irish  Sea  a  large  area  of  mud  commences  o£E  the 
coast  of  Meath,  and  extends  northward  between  co.  Down 
and  the  Isle  of  Man  for  a  distance  of  60  miles,  with  an 
average  width  of  24  miles,  giving  an  area  of  about  1,400 
square  miles  of  mud.  It  is  surrounded  by  a  narrow  tract 
of  muddy  sand,  which  is  prolonged  northward  through  the 
North  Channel,  and  north-eastward  to  the  mouth  of  the 
Solway  Firth.  There  is  also  a  long  tract  of  muddy  sand 
off  the  coasts  of  Lancashire  and  Cumberland.  Neither 
of  these  tracts  depend  much  on  the  depth  of  water. 

Betuming  to  the  plateau  south  of  Ireland  a  narrow 
strip  of  sand  runs  northward,  covering  the  shelving  slope 
which  lies  between  the  south-west  of  Ireland  and  the 
200  fathom  line,  and  thence  spreading  out  over  a  wide 
area  of  the  sea-floor  between  Ireland  and  the  Porcupine 
Bank,  much  of  this  area  being  less  than  100  fathoms 
(600  feet),  and  all  of  it  less  than  200  fathoms.  On  the 
south  side  of  this  tract  there  is  a  deep  submarine  bay 
which  is  filled  with  fine  sand  and  mud. 

*  "  Denadation  and  DepNOsition  by  the  Agency  of  Sea  Waves^"' 
printed  for  private  circulation,  1889,  p.  27. 
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From  the  north  of  Ireland  and  outside  the  west  coast  of 
Scotland  and  the  Hebrides  sand  largely  prevails  within 
the  200-fathom  line,  which  lies  at  a  distance  of  from  100 
to  150  miles  off  the  main  coast.  The  sand  is  interrupted 
by  small  areas  of  mud,  by  larger  tracts  of  shell  sand,  and 
by  occasional  patches  of  bare  rock  where  strong  currents 
have  prevented  the  accumulation  of  deposit. 

Besides  the  tracts  of  mud  which  have  been  noticed  above 
there  are  some  which  are  directly  due  to  river  currents, 
and  lie  opposite  the  river  mouths ;  these,  as  Mr.  Lebour 
has  observed,  may  be  termed  svJmarine  deltas.^  That  of 
the  Thames  forms  a  spread  of  sandy  mud  or  silt  in  the 
shape  of  a  triangle,  the  base  of  which  runs  from  Margate 
to  Buxey  Sand,  but  is  interrupted  by  sand-banks  already 
mentioned.  The  delta  of  the  Seine  is  very  well  marked, 
and  consists  of  similar  materials,  but  its  widest  part  faces 
the  sea,  and  its  apex  runs  up  the  estuary :  a  difference  due 
doubtless  to  the  conformation  of  the  coast.  At  the  mouth 
of  the  Firth  of  Tay  there  are  mud-banks  which  have  been 
recognized  by  Mr.  J.  Geikie  as  the  submarine  delta  of  the 
Tay.^  The  Elbe  also  forms  a  clearly  marked  submarine 
delta  of  mud,  which  is  spread  over  the  sea-floor  between 
its  mouth  and  Heligoland,  and  covers  an  area  of  about 
180  square  miles,  while  on  either  side  the  bottom  consists 
of  sand.  The  shallower  slopes  on  either  side  have  a  sandy 
bottom. 

Lrimits  of  Terrigenous  Deposits. — It  is  evident 
from  Mr.  Babbage's  calculation,  above  quoted,  that  there 
is  a  limit  to  the  outward  extent  of  the  deposits  derived 
from  the  erosion  of  the  land.  Under  the  conditions 
assumed  by  him  this  would  be  at  a  distance  of  500  miles 
from  the  shore,  but  these  conditions  nowhere  exist,  and 
the  extension  of  such  deposits  is  generally  much  less. 

In  the  first  place  it  is  assum^  that  the  ocean  current 
which  bears  the  river-borne  detritus  onward  flows  in  the 
same  direction  as  the  river,  viz.,  directly  out  to  sea ;  but 
this  can  seldom  be  the  case,  for  most  marine  currents, 
whether  in  seas  or  oceans,  sweep  along  the  coasts  or  set 
outwards  in  an  oblique  direction  from  the  shore.     Sedi- 

*  •*  Proc.  Geol.  Assoc,"  vol.  iv.  p.  162. 
«  '*  The  Great  Ice  Age,"  1874,  p.  620. 
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ment,  therefore,  which  is  carried  by  such  currents  will  not 
reach  so  great  a  distance  from  land  as  500  miles,  for  sup- 
posing that  the  current  sets  outward  from  the  river's 
mouth  at  an  angle  of  45*"  with  the  trend  of  the  shore, 
sediment  carried  500  miles  in  a  linear  direction  will  only 
be  350  miles  from  land  when  deposited.  Secondly,  it  is 
probable  that  such  currents  are  superficial,  and  do  not 
retain  their  surface  velocity  down  to  any  great  depth. 
The  actual  river-current  is  certainly  superficial,  and  as 
soon  as  the  sediment  has  sunk  through  that  it  will  be 
carried  by  the  marine  currents,  which  may  have  a  different 
velocity,  and  the  set  of  which  may  be  in  any  direction. 

As  a  matter  of  fact,  the  disposition  of  the  currents  round 
continental  coasts  is  such  that  terrigenous  material  is 
seldom  carried  to  more  than  150  or  200  miles  from  land. 
The  exceptions  are  off  the  mouths  of  the  largest  rivers  of 
the  world,  such  as  the  Amazon,  the  Mississippi,  the  Indus, 
and  the  Oanges.  Blue  muds  are  found  at  great  distances 
&om  land  in  the  Arabian  and  Indian  Seas,  but  they  are  of 
peculiar  composition,  and  extend  to  great  depths,  so  it  will 
be  more  convenient  to  describe  them  under  the  head  of 
deep-water  deposits. 

Marine  Deposits  due  to  the  action  of  Ice. — Id 
considering  the  manner  in  which  the  products  of  ice- 
erosion  are  deposited  on  the  sea-bottom,  it  must  be  remem- 
bered that  there  are  two  distinct  kinds  of  ice  in  the  sea, 
viz.,  land-formed  ice,  and  sea-fermed  ice.  The  first  is 
delivered  into  the  sea  from  the  end  of  glaciers,  the  second 
is  produced  by  the  freezing  of  the  sea  itself  along  the  coast. 
Both  carry  detritus,  but  since  the  conditions  of  the  two 
cases  differ,  it  is  possible  that  the  deposits  resulting  from 
their  action  differ  also  in  some  degree,  though  perhaps  not 
so  greatly  as  might  at  first  sight  appear  probable.  We 
shall,  however,  describe  each  case  separately. 

1.  Glaciers  and  Icebergs, — In  the  regions  of  Arctic  cold 
where  the  snow-line  reaches  the  sea-level,  the  glaciers 
descend  into  the  sea,  and  large  masses  of  ice  are  constantly 
breaking  off  and  floating  away  as  icebergs.  These  bergs 
often  carry  stones  and  blocks  of  rock  which  are  dropped 
on  the  sea-bottom  as  the  mass  of  ice  gradually  melts 
away. 
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The  glaciers  of  Greenland  and  Spitzbergen  have  already 
been  described.  Some  of  them  are  2,000  feet  thick,  and 
terminate  in  high  cliffs  more  than  200  feet  in  height, 
"which  sometimes  continue  like  a  wall  for  a  distance  of  50 
or  60  miles  in  front  of  the  land.  From  these  cliffs  gigantic 
icebergs  are  from  time  to  time  dislodged,  often  rising  from 
100  to  200  feet  out  of  the  sea,  which  involves  a  thickness 
of  nine  or  ten  times  that  amount  below  water. 

We  have  seen  that  in  the  case  of  inland  glaciers  the 
rock-fragments  which  thev  bear  along  fall  on  to  the  ter- 
minal moraine,  while  the  finer  detritus  is  carried  awaj 
from  the  locality  altogether  by  the  stream  which  issues 
from  beneath  the  glacier.  When,  however,  a  glacier  ter- 
minates in  the  sea,  both  these  kinds  of  detritus  are  de- 
posited together  in  the  bay  or  fiord  where  the  glacier  ends. 

Sub-glacial  rivers  occur  beneath  the  inland  ice-sheet  of 
Greenland,  just  as  they  do  beneath  the  Alpine  glaciers,  and 
along  certain  parts  of  the  coast  where  the  ice  does  not 
reach  the  sea,  these  streams  burst  out  as  turbid  torrents 
from  below  the  terminal  wall  of  ice.  So  also  do  they 
escape  beneath  the  glaciers  which  descend  into  the  gulfs 
and  fiords,  and  where  the  ice  is  protruded  far  into  the  sea, 
the  muddy  water  is  discharged  at  a  depth  considerably 
below  the  level  of  the  water,  and  the  fine  powdery  mud 
sinks  to  the  bottom  in  a  continuous  cloud  without  being 
transported  far  from  the  spot. 

At  the  same  time  the  bergs  broken  off  from  the  glacier 
will  drop  a  large  part  of  their  freight  of  stones  and  boul- 
ders as  they  float  away ;  much  more  d^ris  of  the  same 
kind  will  be  contributed  by  the  periodical  melting  of  the 
coast-ice ;  and  all  will  be  embedded  in  the  mud  which  is 
thus  being  deposited  on  the  sea-bottom. 

Fig.  62  is  intended  to  illustrate  the  termination  of  a 
glacier  in  the  sea,  a  representing  the  glacier,  h  one  of  the 
bergs  detached  from  it,  and  c  a  deposit  of  clay  and  stones 
on  the  sea-bottom. 

2.  Coasi'iee. — The  nature  and  action  of  coast-ice  have 
been  described  on  p.  184.  It  was  there  stated  that  the 
ice-foot  becomes  loaded  with  a  great  quantity  of  rock- 
debriSy  much  falls  on  to  its  surface  from  the  cHffe  above, 
many  stones  and  boulders  are  picked  up  from  the  shore  to 
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which  it  is  frozen.  When  summer  comes  the  ice  breaks 
off  from  the  coast  and  floats  away  with  its  load  of  land- 
debris,  drifting  about  in  the  bays  and  along  the  coast,  but 
not  often  travelling  very  far  out  to  sea.  Sometimes  the 
floes  are  driven  upon  the  shore  during  storms,  and  packed 
to  a  height  of  50  or  100  feet,  sometimes  they  break  up 
over  comparatively  deep  water,  and  their  freight  of  mud 
and  stones  is  then  scattered  over  the  sea-bottom. 

The  deposits  thus  formed  must  be  accumulated  rapidly 
and  continuously,  the  materials  are  very  various  and  are 
dropped  indiscriminately  upon  the  sea-bottom,  the  por- 
tions already  deposited  are  constantly  disturbed  by  falling 
fragments,  and  frequently  exposed  to  the  impact  and 
pressure  of  ice-floes ;  under  these  circumstances  they  are 
not  likely  to  present  the  clear  lines  of  stratification  which 


Fig.  66.    Tenuination  of  a  Glacier  in  the  Sea. 

other  sediments  slowly  accumulated  and  sorted  by  current 
action  always  present. 

Furthermore,  this  glacial  deposit  will  not  be  confined  to 
valleys,  but  will  spread  over  the  whole  sea-bottom  near  the 
coast,  and  will  cover  all  its  irregularities. 

It  should  be  noted,  too,  that  some  of  the  boulders  trans- 
ported by  coast-ice  are  carried  to  lower  levels,  and  others 
to  higher  levels,  the  latter  being  especially  the  case  if  the 
whole  coast  is  sinking.  The  ice-floes  will  then  be  driven 
further  and  further  on  to  the  land,  bearing  with  them  the 
stones  and  blocks  derived  from  those  parts  of  the  shore 
which  were  previously  exposed  to  their  action,  so  that  by 
this  means  rock-fragments  may  be  carried  upward  in 
course  of  time  to  levels  far  above  that  from  which  they 
were  originally  detached. 

Mr.  Darwin  long  ago  explained  this  transportal   of 
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boulders  from  lower  to  higher  levels  on  the  hypothesis  of  a 
gradual  submergence  of  the  coimtry  while  exposed  to  the 
action  of  coast-ice.^  He  remarks  that  fragments  of  rock 
**  from  being  repeatedly  caught  in  the  ice  and  stranded 
with  violence,  and  from  being  every  summer  exposed  to 
common  littoral  action,  will  generally  be  much  worn ;  and 
from  being  driven  over  rocky  shoals,  probably  often  scored. 
From  the  ice  not  being  thick,  they  wiU,  if  not  drifted  out 
to  sea,  be  landed  in  shallow  places,  and  from  the  packing 
of  the  ice,  be  Sometimes  driven  high  up  on  the  beach,  or 
even  left  perched  on  ledges  of  rock." 

During  such  submergence  thick  deposits  of  clay  and 
stones  must  be  formed,  and  will  be  subjected  in  many 
places  to  the  friction  and  pressure  of  grounding  bergs  or 
of  ice-sheets  resting  on  the  bottom.  We  may  readily 
imagine,  therefore,  that  in  these  localities  compact  boulder 
clays  would  be  formed,  while  in  other  places  the  action  of 
currents  would  sort  the  materials  and  arrange  them  in 
stratified  beds. 

We  have  actual  testimony  as  to  the  processes  now  in 
operation  on  the  north-east  coast  of  Labrador,  and  the 
capacity  of  coast-ice  to  polish  rock-surfaces,  and  to  pro- 
duce boulder  clay.  Professor  H.  Toule  Hinde  *  has  de- 
scribed the  action  of  "  pan-ice,"  which  is  formed  by  the 
breaking  up  of  bay-ice,  floes,  and  coast-ice  during  the 
storms  of  spring,  and  consists  of  large  pieces  or  pans  from 
5  to  10  or  12  feet  in  thickness.  ''  This  broken  ice  is  pressed 
on  the  coast  by  winds,  and  being  pushed  by  the  unfailing 
Arctic  current,  which  brings  down  a  constant  supply  of 
floe-ice,  the  pans  rise  over  all  the  low-lying  parts  of  the 
islands,  grinding  and  polishing  exposed  shores,  and  re- 
moving with  irresistible  force  every  obstacle  which  opposes 

their  progress During  a  period  of  subsidence  the 

blocks  of  strata,  boidders,  mud,  and  sand,  pushed  to  and 
fro  on  the  shallow  sea-bottom  by  pan-ice,  ultimately  accu- 
mulate in  hollows  below  its  action,  and  when  the  debris  is 
pushed  into  profound  submarine  valleys  such  as  exist  on 

^  **  Quart.  Journ.  Geol.  Soc.,"  vol.  iv.  p.  315. 

'  "Notes  on  some  Geological  Features  of  the  North-Eastern 
Coast  of  Labrador,"  **  Canadian  Naturalist,"  New  Series,  vol.  viii. 
p.  236. 
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the  Labrador  coast,  the  mass  will  resemble  boulder  clay,, 
and  in  a  sinking  marine  area  it  will  accumulate  to  a  great 
thickness.  In  a  rising  area  it  would  be  liable  to  be  re- 
modelled by  the  action  of  the  waves,  except  in  the  case  of 
very  deep  valleys." 

With  regard  to  the  transporting  powers  of  the  ice  in  the 
same  region,  Sir  Charles  Lyell  states,  on  the  authority  of 
Captain  Bayfield,  that  the  coast  of  Labrador  between  the 
latitudes  50"  and  60"  N.,  for  a  distance  of  700  miles,  is. 
strewed  over  with  ice-borne  boulders.  Some  of  the  blocks 
were  six  feet  in  diameter,  and  aU  of  them,  both  small  and 
large,  were  being  conveyed  in  the  direction  of  the  prevail- 
ing current,  viz.,  from  north  to  south.  Countless  blocka 
were  usually  to  be  seen  lying  between  high  and  low- water 
mark,  but  sometimes  tracts  of  the  coast  were  observed  to- 
be  bare  of  boulders,  and  then  again  at  another  season 
thickly  strewed  with  these  erratics. 

Li  parts  of  the  Baltic  stones  are  frequently  frozen 
into  the  ice  along  the  shores ;  and,  when  summer  comes^ 
they  are  lifted  up,  and  floated  away  on  the  ice-rafts. 
Dr.  Forchhammer  relates  a  remarkable  fact  which  de- 
monstrates how  large  a  number  of  rock-fragments  are 
annually  transported  by  ice  in  the  Baltic.  A  diver  went 
down  to  examine  a  vessel,  which  had  sunk  near  Copen- 
hagen thirty-seven  years  before.  He  found  the  deck  covered 
with  blocks,  from  6  to  8  cubic  feet  in  size,  and  some  of  them 
piled  one  upon  the  other.  He  also  affirmed  that  all  other 
sunken  ships  in  the  Sound  were  covered  with  similar 
blocks. 

Finally,  if  we  consider  the  extensive  areas  in  the  nor- 
thern hemisphere,  over  which  coast-ice  is  now  acting,  and 
if  we  regard  all  the  deeply  indented  coast-lines  of  Scandi- 
navia,  Finland,  Greenland,  and  North  America,  every  yard 
of  which  is  more  or  less  subject  to  this  action,  we  shall 
conclude,  with  Professor  Milne,  that  the  coast-ice  must,  in 
quantity,  be  much  greater  than  that  of  the  glaciers,  and 
much  more  effective  in  the  transport  of  rock  d^ris.  "  All 
the  vast  ice-fields  which  break  loose  from  the  frozen  regions 
of  the  North — and  we  read  of  them  as  300,000  square  miles 
in  extent,  and  7  feet  in  thickness — are  in  their  passage 
south  driven  in  upon  the  land,  and  help  to  grind  the  coast- 
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line,  and  transport  its  boulders.  The  northern  field-ice, 
when  it  arrives  in  the  latitudes  of  Newfoundland,  is' often 
seen  to  be  covered  with  boulders,  gravel,  kelp,  and  other 
materials,  showing  it  to  have  been,  at  some  time  or  other, 
in  contact  with  the  coast."  ^  The  distance  to  which  these 
materials  may  be  transported  is  indicated  by  the  south- 
ward extension  of  icebergs  in  the  Atlantic. 

»  "  GeoL  Mag.,"  Dec.  2,  voL  iii.  p.  408. 
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CHAPTER  XV. 

MABiNE  DEPOSITS  {cotUinue^). 

ShalloW'Water  Calcareotts  Deposits, 

N  this  chapter  we  shall  consider  all  the  calcareous 
deposits  which  are  being  formed  in  water  of  less  than 
300  fathoms  in  various  parts  of  the  world,  whether  they 
are  due  to  direct  chemical  precipitation,  or  to  the  accumu- 
lation of  dead  shells,  conils,  and  other  organic  d^ris. 
Both  kinds  of  deposit  are  really  due  to  the  abstraction  of 
lime  from  the  sea-water  by  chemical  processes,  for  the 
carbonate  of  lime  which  constitutes  such  organic  structures 
has  been  obtained  by  the  action  of  organic  secretions  on 
the  salts  dissolved  in  the  sea. 

I.  Deposits  formed  by  Chemical  Precipitation. 

It  used  to  be  supposed  that  the  free  carbonic  acid  in  sea- 
water  was  more  tlmn  sufficient  to  keep  in  solution  all  the 
carbonate  of  lime  usually  found  in  it.  More  recently,  how- 
ever, Herr  Tomoe,  of  the  Norwegian  North  Atlantic  Expe- 
dition, asserted  that  there  was  no  free  carbonic  acid  at  all 
in  sea- water,  and  that  the  amounts  reported  as  existing 
were  really  combined  with  lime  in  the  form  of  carbonate ; 
he  appealed  also  to  the  fact  that  sea- water  has  generally 
an  alkaline,  not  an  add,  reaction.  It  seems  to  be  now 
admitted  that  there  is  more  carbonate  of  lime  dissolved  in 
sea- water  than  was  formerly  supposed,  but  still  the  quantity 
is  veiy  small  (see  Analysis,  p.  246)  ;  and  there  is  also  some 
free  carbonic  acid.  Dr.  Buchanan's  observations  on  board 
the  "Challenger"  show  that  the  free  carbonic  acid  present 
is  subject  to  great  variations,  being  greater  near  the  bottom 
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than  ia  surface-water,  and  also  greater  in  those  waters 
where  animal  life  is  most  abundant. 

The  quantity  of  dissolved  carbonate  of  lime  also  yaries, 
but  recent  inquiries  point  to  the  conclusion  that  sea-water 
is  a  compound  which  refuses  to  hold  much  carbonate  of 
lime  in  solution.  Dr.  J.  Murray  has  made  experiments  to 
ascertain  how  much  it  can  take  up,  and  finds  that  0*6490 
grammes  per  litre  (about  fiye  times  the  ordinary  amount 
in  solution)  can  be  dissolved,  forming  a  clear  super- 
saturated solution,  but  after  a  time  not  only  the  excess  so 
added  is  thrown  down,  but  also  sometimes  a  portion  of  that 
normally  present  in  the  water.^  What,  therefore,  becomes 
of  all  the  carbonate  of  lime  which  is  being  annually  carried 
int«o  the  sea  by  rivers  ?  it  used  to  be  thought  that  it  was 
taken  up  and  used  by  marine  creatures,  but  it  seems  more 
probable  that  it  is  disposed  of  either  by  precipitation  or  by 
immediate  conversion  into  sulphate  of  lime. 

Mr.  J.  G.  Goodchild  has  suggested  that  most  of  the  car- 
bonate of  lime  carried  down  by  rivers  is  converted  into 
sulphate  of  lime.  He  refers  to  a  statement  by  Dr.  Sterry 
Hunt,  that  if  a  solution  of  carbonate  of  lime  in  carbonated 
water  be  mixed  with  a  solution  of  sulphate  of  magnesia 
in  water,  double  decomposition  ensues,  and  carbonate  of 
magnesia  and  sulphate  of  lime  are  formed.  The  difficulty 
in  supposing  this  reaction  to  occur  lies  in  accounting  for 
the  carbonate  of  magnesia  that  would  be  formed,  for  none 
exists  in  sea- water. 

It  appears  to  be  a  fact  that  where  much  carbonate  of 
lime  is  brought  down  by  rivers,  some  of  this  material  is 
precipitated  and  forms  a  calcareous  deposit.  Thus  a  hard 
calcareous  rock  is  being  formed  on  the  sea-bottom  opposite 
the  mouths  of  the  Khone  in  the  Mediterranean,  and  along 
the  coast  of  Languedoc. 

Lyell  states  that  large  masses  of  hard  rock,  consisting  of 
sand  cemented  by  calcareous  matter,  are  continually  found, 
and  that  a  cannon,  embedded  in  crystalline,  calcareous 
rock,  taken  up  from  the  sea  near  the  river's  mouth,  may 
be  seen  in  the  museum  of  Montpelier.* 

Deposits  of  the  same  kind  are  found  along  the  southern 

»  "  Proc.  Roy.  Soc.  Edm.."  and  "  Nature,"  June  12, 1890,  p.  166. 
^  **  Principles  of  Geology,"  tenth  edition,  voL  i.  p.  430. 
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coast  of  Asia  Minor.  Admiral  Sir  F.  Beaufort  f oimd  that 
great  alterations  had  taken  place  on  this  coast  since  the 
time  of  Strabo :  havens  have  been  filled  up,  islands  are 
joined  to  the  main  land,  and  many  miles  of  new  land  have 
been  formed,  consisting  of  compact  stone.  Almost  all  the 
rivers  and  streams  contain  abundance  of  carbonate  of  lime 
in  solution,  and  the  precipitation  of  this  binds  together  the 
sand  and  gravel  in  the  river  deltas,  and  converts  them  into 
calciferous  sandstones  and  conglomerates/ 

In  accounting  for  this  deposition  of  limestone^  Ljell 
observes  "  that  the  fresh  water  introduced  by  rivers  being 
lighter  than  the  water  of  the  sea,  floats  over  the  latter,  and 
remains  upon  the  surface  for  a  considerable  distance.  Con- 
sequently, it  is  exposed  to  as  much  evaporation  as  the 
waters  of  a  lake ;  and  the  area  over  which  the  river- water 
is  spread,  at  the  junction  of  great  rivers  and  the  sea,  may 
well  be  compared,  in  point  of  extent,  to  that  of  considerable 
lakes." 

It  is  probable,  also,  that  a  chemical  action  goes  on  where 
the  under  surface  of  this  body  of  fresh  water  is  in  contact 
with  the  salt  water.  Dr.  Murray's  experiments  above 
mentioned  suggest  that  such  action  does  take  place,  and  the 
precipitation  of  the  carbonate  of  lime  may  be  due  either 
to  the  presence  of  alkaline  salts  or  to  the  abstraction  of  part 
of  the  carbonic  acid  which  kept  it  in  solution.  The  forma- 
tion of  solid  limestones  in  shallow  waters  by  one  or  both 
of  these  processes  is,  at  any  rate,  an  ascertained  fact,  so  that 
the  view  taken  by  some  writers,  that  aU  marine  limestones 
have  had  an  organic  origin,  does  not  seem  to  be  correct. 

The  chemical  precipitates  formed  from  sea- water  by 
evaporation  and  concentration  when  land-locked  lagoons 
have  been  separated  from  the  sea  have  been  described 
under  the  head  of  lacustrine  deposits  (see  p.  246). 

Chemical  Reactions  of  Marine  Organisms. — The 
capacity  of  marine  creatures  to  form  calcareous  shells  and 
skeletons  involves  questions  of  much  interest  to  geologists. 
It  used  to  be  supposed  that  they  had  the  power  of  simply 
abstracting  the  carbonate  of  lime,  and  that  the  quantity  of 
that  mineral  found  in  sea- water  was  small  because  most 

»  Op.  dL,  p.  431. 
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of  it  had  been  so  abstracted ;  but  if  this  were  so,  we  should 
expect  to  find  that  the  amount  of  carbonate  of  lime  in  solu- 
tion was  still  very  large  near  the  mouths  of  riyers,  and 
that  it  became  less  and  less  toward  the  open  ocean.  This, 
however,  is  not  the  case  ;  on  the  contrary,  the  composition 
of  sea-water  in  narrow  seas  and  estuaries  is  practically  the 
same  as  that  of  water  far  from  land,  and  yet  the  amount 
of  animal  life  in  estuaries  as  generally  less  than  in  the 
open  sea.  Moreover,  as  we  have  seen,  there  are  other 
ways  of  accounting  for  this  sudden  disappearance  of  the 
carbonate  of  lime. 

How  then  do  marine  creatures  get  the  carbonate  of  lime 
for  their  calcareous  structures  ?  Recent  researches  seem 
to  prove  that  they  have  the  power  of  getting  it  from  the 
sulphate.  Experiments  ^  by  Messrs.  Irvine  and  Woodhead 
have  shown  that  animals  with  a  circulatory  system  can 
take  up  any  salts  of  lime  in  solution  and  convert  them, 
first  into  phosphates,  and  finally  into  carbonates.  More 
recently  Murray  and  Irvine,  experimenting  with  the  liquor 
of  oysters  and  mussels,  found  that  it  contained  a  great  ex- 
cess of  carbonate  of  Hme  over  that  in  sea- water,  and  they 
refer  this  to  the  direct  secretion  of  carbonate  of  ammonia 
by  the  cells  of  the  living  animals,  which,  reacting  on  the 
sulphate  of  lime  in  the  sea-water,  is  capable  of  throwing 
out  nine-tenths  of  the  calcium  salt  in  the  condition  of 
carbonate.^  They  believe  that  many  marine  animals  secrete 
carbonate  of  ammonia  as  an  effete  product,  and  referring 
to  corals,  they  say :  "  In  polypes,  which,  unlike  the  higher 
animals,  have  no  true  circulatory  system,  and  where  the 
animal  is  immersed  in  sea- water,  it  seems  hardly  possible 
to  account  for  the  enormous  secretion  of  carbonate  of  lime 
in  the  manner  indicated  by  Bischoff ;  but  if  the  conclusion 
we  have  arrived  at  be  correct,  and  such  animals,  in  place 
of  secreting  urea,  secrete  carbonate  of  ammonia,  then  we 
have  a  perfectly  reasonable  explanation  of  the  phenomenon 
of  coral  formation." 

It  may  be  added  that  by  this  process  we  are  also  able  to 
understand  why  the  sea-water  in  the  neighbourhood  of 
coral-reefs  is  sometimes  so  saturated  with  carbonate  of 

»  "  Proc.  Roy.  Soc.  Edin.,"  1888-9,  part  xvi. 

•  "  Proc  Roy.  Soc.  Edin.,-"  and  **  Nature,"  June  12,  1890. 
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lime  that  the  retiring  tide  leaves  a  thin  white  coating  of 
it  on  the  pebbles  of  the  beach.  Dana  describes  a  beach 
on  Oahu,  one  of  the  Sandwich  Islands,  where  "the  pebbles 
are  covered  with  a  thin  incrustation  of  carbonate  of  lime, 
appearing  as  if  they  had  been  dipped  in  milk,  while  others 
are  actually  cemented  (together),  yet  so  weakly  that  the 
fingers  easily  break  them  apart."  On  the  island  of  Ascen- 
sion the  rocks  situated  at  the  end  of  a  h»ng  beach  of  cal- 
careous sand  are  regularly  coated  every  year  with  a  white, 
thick,  and  hard  deposit  of  carbonate  of  lime. 

Calcareous  Mud  and  Limestone  Paste. — As  we 
shall  presently  see,  the  fragments  of  the  calcareous  shells, 
tests,  and  skeletons  of  various  kinds  of  sea  creatures,  make 
up  a  large  part  of  most  marine  limestones,  sometimes  as 
much  as  90  per  cent. ;  but  besides  these  definite  organic 
fragments,  there  is  always  a  certain  amount  of  fine  calca- 
reous  sediment  which  fills  up  the  spaces  between  the  frag- 
ments: and  there  are  some  limestones  which  consist 
entirely  of  such  a  calcareous  paste,  with  very  few  recog- 
nizable organic  fragments  in  it. 

To  account  for  this  paste  several  explanations  have  been 
suggested :  (1)  When  the  chitinous  membrane  which  holds 
together  a  calcareous  shell  has  decayed,  the  carbonate  of 
lime  is  attacked  by  carbonic  acid,  and  is  so  loosened  by 
partial  solution  that  it  falls  to  pieces,  and  is  gradually  re- 
duced to  a  fine  kind  of  powder.  (2)  Another  source  of  fine 
sediment  is  to  be  found  in  the  trituration  of  calcareous 
sand  in  the  intestines  of  sea  creatures ;  this  is  an  active 
process  in  some  localities,  especially  on  coral  reefs,  where 
holothurians,  or  sea-cucumbers,  are  very  abundant ;  these 
creatures  swallow  the  sand,  and  obtain  nutrimeut  from  the 
diatoms,  foraminifera,  and  other  minute  organisms  which 
occur  in  it,  the  hard  calcareous  particles  being  voided.  But 
everywhere  all  kinds  of  echinoderms,  molluscs,  Crustacea, 
and  fish  are  actively  engaged  in  a  similar  process,  and  must 
expel  large  quantities  of  triturated  calcareous  material.  Dr. 
Guppy  states  that  fifteen  or  sixteen  holothuria  are  capable 
uf  discharging  a  ton  of  such  material  in  the  course  of  a 
year.  This  production  of  calcareous  mud  is  also  assisted 
by  the  detritive  effect  of  waves  on  such  portions  of  calca- 
reous rock  as  come  within  their  action.     (3)  There  is  still 
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another  way  in  which  calcareous  mud  may  be  produced, 
and  that  is  the  action  already  mentioned  of  carbonate  of 
ammonia  on  sulphate  of  lime.  Messrs.  Murray  and  Irvine 
state  that  if  animals  such  as  crabs  are  allowed  to  die  in  a 
limited  amoimt  of  sea-water,  the  carbonate  of  ammonia 
formed,  with  other  products  of  decomposition,  precipitates 
all  the  calcium  sulphate  in  the  water  as  carbonate.  Thus 
not  only  do  marine  creatures  secrete  carbonate  of  lime 
while  they  are  alive,  but  their  decay  after  death  also  cause  a 
precipitate  of  the  same  substance ;  and  Mr.  Goodchild  aptly 
remarks,  that  "  such  action  is  not  by  any  means  necessarily 
limited  to  the  tenants  of  the  sea-floor,  for  the  decomposi- 
tion of  pelagic  organisms  is  likely  to  contribute  more  or 
less  to  the  same  result.  Nor  is  it  limited  to  organisms 
with  calcareous  frameworks,  but  may  result  just  as  much 
from  the  decay  of,  say,  jelly  fishes  or  sponges,  as  from  their 
lime-secreting  allies."  ^ 

On  these  grounds  we  may  safely  agree  with  Mr.  Q-ood- 
child  in  concluding  that  "  chemical  precipitates  due  to  the 
action  of  decomposing  organic  matter  upon  sulphate  of 
lime  have  an  essential  influence  upon  the  formation  of 
limestones,  even  when  these  are  mainly  of  organic  origin  " ; 
and  that  if  these  views  are  correct,  we  must  regard  "  aU 
limestones  as  of  compound  origin,  partly  organic,  partly 
detrital,  and  partly  as  chemical  precipitates,  the  proportion 
of  each  to  the  others  varying  to  a  much  greater  extent 
than  has  yet  been  recognized." 

II.  Deposits  formed  of  Organic  Debris, 

We  will  now  consider  the  formation  and  distribution  of 
calcareous  deposits,  which  consist  largely  of  organic  d^ris. 

1.  Shell  Sands. — The  materials  for  the  construction  of 
calcareous  sandstones,  or  sandy  limestones,  are  being  accu- 
mulated round  many  coasts,  and  are  common  in  the 
English  Channel  and  off  the  west  coasts  of  France  and 
Britain.* 

In  the  western  part  of  the  Channel  deposits  of  broken 
shells  and  shell-sand  form  three  long,  occasionally  inter- 

»  "  Geol.  Mac.,"  Dec  3,  1890,  vol.  vii.  p.  78. 

'  See  *'  LithoTogie  du  Fond  des  Mers,"  par  Delesse,  Paris,  1872. 
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rapted,  bands  which  unite  at  the  mouth  of  the  Channel 
between  Cornwall  and  Brittany  to  form  a  large  spread  of 
shell-sand.  There  are  also  extensive  tracts  of  shell-sand 
along  the  north  coast  of  France,  especially  along  the  sweep 
of  the  coast  from  Calais  to  Etretat,  on  each  side  of  the 
Cotentin,  and  in  the  Bay  of  St.  Brienc.  The  littoral  por- 
tions of  these  deposits  are  dug  for  marling  the  land. 

There  is  also  a  large  tract  of  calcareous  shelly  sand  off 
the  west  coast  of  Brittany,  extending  seawards  for  over 
60  miles,  nearly  down  to  the  line  of  200  fathoms,  where  its 
front  is  over  100  miles  long. 

In  the  Irish  Sea  there  are  frequent  records  on  the  Ad- 
miralty charts  of  shells,  or  sand  with  shells,  especially  in 
the  central  area  between  Wales  and  Ireland;  there  is  a 
tract  of  irregular  shape  and  varying  width  extending  from 
the  coast  of  Anglesey  to  the  deep  water  east  of  Wexford, 
a  distance  of  100  miles,  where  shells  and  shell- sand  largely 
prevail,  mixed  with  some  quartz-sand,  and  occasionally 
fine  sand  or  mud. 

On  our  north  and  north-west  coasts  beds  of  shells  occur 
round  the  Hebrides  and  over  a  bank  to  the  south-west  of 
the  Faroe  Islands.  Still  further  west,  around  the  isolated 
reef  in  the  Atlantic  known  as  Bockall,  there  are  beds  of 
shell  debris,  and  also  a  deposit  formed  entirely  of  fish  re- 
mains, and  extending  for  a  distance  of  three  miles. 

2.  Limestone  Banks. — Immense  accumulations  of 
organic  debris  are  being  formed  on  the  sea-floor  in  some 
tropical  regions ;  one  of  the  best  known  is,  that  called  the 
Pourtales  plateau,  south  of  Florida.  Outside  the  Florida 
reefs,  down  to  about  90  fathoms,  the  bottom  consists  of  cal- 
careous mud,  but  beyond  that  is  a  wide  plateau  sloping 
gently  to  250  or  300  fathoms,  and  18  miles  wide  at  its 
western  end.  This  wide  shelf  or  plateau  has  a  rough  rocky 
floor,  consisting  of  the  remains  of  various  organisms,  deep- 
water  corals,  shells,  echinoderms,  polyzoa,  Crustacea,  etc., 
mixed  with  shell-sand,  and  frequently  cemented  together 
by  carbonate  of  lime,  so  that  large  slabs  of  solid  limestone 
were  dredged  up  from  it. 

Professor  A.  Agassiz  has  shown  that  raised  banks  of 
similar  limestone  form  the  foundation  on  which  the  coral- 
reefs  of  Florida  have  been  built  up;   and  he  describes' 
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other  great  plateaux  or  banks  in  the  same  seas  which  con- 
sist of  the  same  materials,  especiallj  off  the  coasts  of 
Yucatan  and  Honduras.  A  large  part  of  Yucatan  consists 
of  precisely  similar  limestone  which  has  been  raised  into 
dry  land,  and  is  now  traversed  by  caverns  and  fissures, 
some  of  which  have  been  explored  to  a  depth  of  400  feet ; 
this  shows  how  great  a  thickness  of  such  material  may  be 
built  up  by  the  accumulation  of  organic  ddbris  in  seas  like 
these  which  are  literally  teeming  with  life. 

3.  Coral-reefs. — Coral-making  Actinozoa  exist  in  all 
temperate  and  tropical  seas,  and  are  found  at  various 
depths.  The  great  reef-making  corals,  however,  cannot 
exist  in  waters  where  the  temperature  ever  falls  below  68' 
F. ;  they  are,  therefore,  confined  to  those  parts  of  inter- 
tropical seas  which  are  never  invaded  by  currents  of  water 
colder  than  68"  F.  Moreover,  these  coral-polyps  can  only 
live  in  shallow  water,  and  are  generally  found  within  a 
depth  of  25  fathoms,  though  some  species  under  favour- 
able circumstances  appear  able  to  grow  in  30,  or  even  40 
fathoms.  Another  condition  necessary  for  the  growth  of 
coral-reefs  is  clear  water.  Mud  is  always  detrimental  to 
animal  life,  and  the  coral-polyp  is  especially  sensitive  to 
the  influx  of  muddy  water  brought  down  from  the  land. 

Even  within  the  tropics  the  growth  of  coral-reefs  may  be 
prevented  by  any  of  the  following  causes : — 

1.  The  too  great  depth  of  the  water. 

2.  The  occasional  influx  of  cold  water. 

3.  The  frequent  influx  of  muddy  water. 

4.  The  impingement  of  too  strong  a  current. 
Coral-reefs  are  generally  divided  into  three  kinds  or 

classes, — Fringing-reefs,  Barrier-reefs,  and  Atolls. 

Fringing-reefs  are  those  which  are  formed  along  the 
margin  of  any  coast  or  island.  If  the  slope  of  the  shore 
below  water  is  steep,  the  reef  is  a  narrow  one ;  if  the  slope 
is  gentle,  a  wider  fringe  of  reef  will  be  formed,  its  outward 
extension  being  dependent  upon  the  depth  of  the  water. 
It  must  not  be  supposed  that  a  fringing-reef  always  forms 
a  level  platform  which  is  wholly  dry  at  low  water ;  such 
shore-reefs  do  occur  in  some  places,  but  the  exposed  part 
of  a  fringing-reef  is  generally  from  half  a  mile  to  a  mDe 
from  the  beach,  and  sometimes  more  than  a  mile.   The  in- 
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termediate  space  is  covered  by  water,  sometimes  only  3  or 
4  feet  in  depth,  and  sometimes  3  or  4  fathoms,  so  as  to 
afford  a  passage  for  boats.  Its  floor  is  generally  coral- 
sand,  with  here  and  there  tufts  and  bosses  of  living  coral. 
This  channel  communicates  at  intervals  with  the  sea  by 
openings  through  the  outer  reef. 

Barrier-reefs  are  defined  by  Darwin  as  differing  from  the 
above  **  in  being  placed  at  a  much  greater  distance  from 
the  land  with  reference  to  the  probable  inclination  of  their 
submarine  foundations,  and  in  the  presence  of  a  deep- 
water  lagoon-like  space  within  them."  The  longest  barrier- 
reef  in  the  world  is  that  of  the  north-east  coast  of  Aus- 
tralia ;  this  extends,  with  a  few  interruptions,  for  nearly 
1,000  miles,  its  average  distance  from  the  coast  being  be- 
tween 20  and  30  miles.  The  channel  or  arm  of  the  sea 
inside  it  is  from  10  to  20  fathoms  deep,  with  a  sandy 
bottom,  and  at  its  southern  end,  where  the  reef  is  further 
from  the  shore,  it  is  as  much  as  40  to  50  fathoms  deep. 
Mr.  Jukes ^  compares  it  "to  a  great  submarine  wall  or 
terrace,  fronting  the  whole  north-east  coast  of  Australia, 
resting  at  each  end  on  shallow  water,  but  rising  from  very 
great  depths  about  the  centre ;  its  upper  surface  forming 
a  plateau  covered  by  10  to  30  fathoms  of  water,  but 
studded  all  over  with  steep-sided  block-like  masses  which « 
rise  up  to  low-water  level.  These  masses  are  especially 
numerous  and  most  linear  along  the  edge  of  the  great  bank 
on  which  they  rest,  the  pai^sages  between  them  being  often 
very  narrow,  like  regular  embrasures  opened  here  and  there 
through  the  parapet  wall  of  a  fortress.  These  '  individual 
reefs '  running  along  the  outer  edge  protect  the  compara- 
tively shallow  water  inside,  and  with  the  numerous  inner 
reefs  that  are  scattered  over  its  space  make  it  one  great 
natural  harbour." 

New  Caledonia,  in  the  western  Pacific,  has  a  barrier  reef 
off  its  western  coast  which  is  400  miles  long,  and  seldom 
approaches  to  within  8  miles  of  the  shore. 

Some  islands  are  entirely  surrounded  by  a  reef  which 
lies  at  a  distance  of  several  miles  from  the  shore,  and  is 
separated  from  it  by  a  deep-water  channel;  such  reefs 

^  *  *  MaHnal  of  Geology, "  second  edition,  p.  131 .  See  also '  *  Voyage 
of  H.M.S.  *  Fly,» "  vol.  i.  ch.  xiii. 
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were  termed  by  Darwin  "  encircling  barrier-reefs."  Vani- 
koro»  in  the  South  Pacific,  has  such  an  encircling  reef,  and 
the  inside  channel  is  in  some  places  40  to  50  fathoms  deep. 

Some  encircling  reefs  have  only  a  very  small  island  in 
the  middle  of  a  large  lagoon-like  space  of  water.  Between 
such  reefs  and  atolls  there  is  very  Httle  difference,  an  atoll 
being  a  reef  that  encircles  a  lagoon  without  any  island, 
except  such  as  consist  of  coral. 

Atolls  are  of  all  sizes,  and  almost  all  shapes,  sometimes 
nearly  circular,  sometimes  long  and  narrow,  and  varying 
from  half  a  mile  to  50  or  60  miles  across.  The  lagoon  may 
be  shallow,  but  is  generally  deep.  The  reef  generally  sup- 
ports a  string  of  islands  which  are  entirely  composed  of 
coral-rock,  the  part  above  the  sea-level  consisting  of 
broken  corals  and  coral- sand  drifted  up  by  the  waves  and 
winds,  and  subsequently  consolidated  into  rock.  The 
living  reef  ^outside  is  submerged  at  high  water,  but  at  low 
tide  a  broad,  bare,  rocky  plateau  is  presented  to  view  with 
pools  and  holes,  which  swarm  with  molluscs  and  other 
animals ;  this  plateau  being  often  intersected  and  broken 
up  by  winding  creeks  and  channels. 

The  view  of  a  coral-reef  has  been  thus  described  by  Mr. 
Jukes :  * — **  A  coral-reef  is  a  very  different,  and  in  itself  a 
«much  less  interesting  and  beautiful  object  than  I  had  ex- 
pected; neither  are  the  colours  of  the  living  corals  so 
splendid  as  is  often  said.  The  mass  of  the  reef  is  a  dark- 
brown,  close,  hard  rock,  with  here  a  patch  of  white  sand, 
and  there  a  lump  or  a  mass  of  Uving  comls,  some  of  the 
smaller  of  which  are  grass-green,  yellow,  or  red.  When 
sailing  among  the  islands,  however,  the  reef  and  the 
islands  often  formed  most  beautiful  objects,  as  seen  from 
the  poops,  or  mizen-top.  The  little  island,  crowned  with 
trees,  is  surrounded  by  a  smooth  space  of  clear,  shallow 
water  of  a  bright,  grass-green  colour,  roimd  which  is  a 
narrow  fringed  margin  of  white  foaming  surf,  sparkling 
in  the  sun,  dividing  the  lagoon  from  the  rich  clear  blue  of 
the  deep  water  outside." 

The  seaward  or  windward  side  of  coral-reefs  is  always 
exposed  to  the  battering  and  pounding  action  of  a  heavy 

^  **  Letters  of  J.  B.  Jukes,"  Chapman  and  Hall,  1871,  p.  173, 
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surf,  since  the  long  roll  of  the  ocean-swell  falls  suddenly 
upon  the  upper  edge  of  the  reef  and  dashes  over  its  sur- 
face in  huge  breakers,  that  are  sometimes  felt  even  all 
across  it.  If  a  mass  of  coral,  Hying  or  dead,  be  once  de- 
tached from  the  rest,  it  is  soon  acted  upon  by  these 
breakers,  and  ultimately  triturated  into  calcareous  sand. 

The  large  solid  corals,  such  as  Porites,  Astrsea,  and 
MsBandrina,  grow  chiefly  along  the  outer  mai^in  of  the 
reef  where  the  breakers  are  continually  rolling  over  them. 
The  more  delicate  and  branching  forms,  like  Eiplanaria 
and  Madrepora,  flourish  in  the  central  lagoon,  or  in  the 
more  sheltered  channels  between  the  outer  reefs.  The  top 
of  the  reef  is  often  encrusted  and  heightened  by  a  growth 
of  calcareous  seaweed  called  Nullipora,  which  sometimes 
forms  a  stony  coating  two  or  three  feet  in  thickness,  and 
resists  the  force  of  the  waves. 

Construction  of  CoraUrock, — Jukes  describes  the  compo- 
sition of  the  solid  reef -rock  in  the  following  terms  :  * — 

"  Coral-reefs  consist  of  living  corals  only  in  parts  of  their 
upper  surface,  and  along  their  outside  rim,  which  is  a  mere 
film  compared  with  their  whole  bulk.  All  the  interior  is 
composed  of  dead  corals  and  shells,  either  whole  or  in 
fragments,  and  the  calcareous  portions  of  other  marine 
animals.  The  interstices  of  the  mass  are  filled  up  and 
compacted  together  by  calcareous  sand  and  mud,  derived 
from  the  waste  and  d^ris  of  the  corals  and  shells  and  of 
countless  myriads  of  minute  organisms,  mostly  calcareous 
also.  The  living  part,  even  of  the  upper  surface  of  the 
reef,  is  that  only  which  is  never  dry  at  low  water.  The 
part  which  is  then  exposed  is  composed  of  mere  stone, 
which  is  often  capable  of  being  split  up  and  lifted  in  slabs, 
bearing  no  small  resemblance  to  some  of  our  oldest  lime- 
stones. These  slabs  and  blocks,  when  broken  open,  are 
frequently  foimd  to  have  a  crystalline  structure  internally, 
by  which  the  forms  and  the  organic  structure  of  the  corals 
and  shells  are  more  or  less  disguised  and  obliterated.  A 
coral-reef,  then,  of  which  a  partis  still  living  and  in  process 
of  formation  above,  may  internally  consist  of  solid  crystal- 
line limestone." 

^  '<  Manual  of  Geology,"  third  edition,  p.  388. 
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Upon  this  compact  basis  the  wind  often  raises  banks  of 
calcareous  sand  deriyed  from  the  waste  of  corals  and 
shells,  and  these  are  compacted  into  masses  which  are  yerj 
different  from  the  lower  portion  of  the  reef.  **  The  large 
fragments  of  corals  and  shells  are  never  foimd  much 
beyond  the  surf  range  of  high-tide,  and  therefore  always 
form  rock  at  a  low  level ;  whilst,  on  the  contrary,  the  fine 
calcareo^  sand  i«  removed  by  the  wind  and  deJoBited  in 
irregularly  laminated  beds,  which  being  consolidated  in 
various  degrees,  are  converted  into  rock  of  different 
qualities."  ^  This  consolidation  is  effected  by  the  action  of 
percolating  rain-water,  which  dissolves  some  of  the  car- 
bonate of  lime  from  the  surface  layers  and  re-deposits  it 
below  in  the  form  of  a  calcareous  cement,  so  that  the  loose 
grains  of  sand  are  thus  bound  together  into  a  solid  mass. 
Captain  Nelson  describes  the  ordinary  coral  rock  of 
Bahama  as  forming  a  strong  and  homogeneous  calcareous 
sandstone,  soft  and  loose  near  the  surface,  but  harder 
below,  and  capable  of  being  used  for  btdlding  purposes. 
"  It  is  somewhat  similar  to  Portland  stone  in  appearance, 
but  softer  and  more  porous.  When  first  exposed  it  is 
quite  white,  but  becomes  of  a  dark  ashen-grey  colour 
along  the  sea-coast,  and  elsewhere  when  exposed  to  the 
weather.  On  some  reefs  the  rock  formed  in  this  manner 
is  distinctly  oolitic,  each  particle  being  enveloped  in  two  or 
three  concentric  coats,  like  the  coats  of  an  onion." 

Among  coral-rocks  the  fotiowing  varieties  may  be  dis- 
tinguished : — 

1.  A  rock  consisting  of  corals  standing  as  they  grew, 
the  interstices  being  filled  with  broken  fragments,  shells, 
and  coral- sand. 

2.  A  breccia  of  large  blocks  of  coral  and  previously 
formed  coral-rock  embedded  in  sand,  and  often  cemented 
together  by  carbonate  of  lime. 

3.  A  rubbly  rock  consisting  of  broken  pieces  of  coral, 
with  shells  and  other  organic  debris. 

4.  A  fine-grained  rock  consisting  of  small  fragments  of 
corals,  shells,  echinoderms  and  nullipores,  with  foramini- 
fera,  which  are  sometimes  very  abundant. 

^  NeUon  on  the  Bahamas,  "  Quart.  Joum.  GeoL  See.,''  vol.  iz. 
p.  206. 
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5.  Fine-grained  compact  limestones  formed  by  the  ce- 
mentation of  the  rocks  grouped  under  No.  4. 

6.  Oolites  formed  of  round  concretionary  grains. 

The  first  three  are  reef -rocks,  the  last  three  are  lagoon 
and  beach-rocks. 

Coral  Mud, — Fine  calcareous  mud  is  also  formed  by 
the  further  trituration  of  the  dead  corals  and  coral-sand, 
and  is  often  accumulated  in  the  quiet  waters  of  the  in- 
ternal lagoons  and  channels.  Such  is  the  case  in  some 
of  the  inner  channels  and  lagoons  of  the  Bahama  Islands, 
especially  along  the  western  coast  of  Andros  Island,  which 
is  bordered  by  an  extensive  deposit  of  fine,  chalky  mud, 
thus  described  by  Captain  Nelson :  * — "  The  western  shore 
of  the  island  is  generally  a  stifE  chalk-bank,  four  or  five 
feet  high,  sloping  inwards  to  the  marshy  chalk-flat  which 
surrounds  the  fresh- water  lake  of  Andros  Island ;  at  its 
eastern  limit  it  abuts  against  a  narrow  ridge  of  hills  along 
the  centre  of  the  islands.  Parallel  to  the  western  coast 
and  seaward,  with  a  breadth  of  14  or  15  miles,  the  chalk 
continues  in  mass  as  an  anchorage,''  and  beyond  this  it  is 
spread  out  as  a  thin  covering  over  the  sandy  bottom  for  a 
space  of  about  80  miles  in  length  by  about  60  in  extreme 
width,  the  area  being  rudely  heart-shaped. 

Where  slopes  are  steep,  as  they  are  near  barrier-reefs 
and  atolls,  some  of  the  mud  so  formed  is  carried  out  by 
the  tides  into  the  deeper  water  outside  the  reefs,  and  is 
spread  over  the  bottom  below  the  50-fathom  line,  where  it 
forms  a  thick  deposit  of  fine  calcareous  mud,  or  ooze. 
Mr.  Jukes  states  that  wherever  deep  soundings  were  taken 
round  the  north  coast  of  Australia,  the  "  bottom  *'  was 
found  to  consist  of  a  very  fine,  almost  impalpable,  pale 
olive-green  mud,  which  was  entirely  soluble  in  hydro- 
chloric acid,  and  therefore  consisted  of  carbonate  of  lime. 
The  greater  part  of  this  material  is  probably  obtained 
from  the  washings  of  the  cond  reefs,  though  a  certain 
proportion  may  be  derived  from  the  shells  of  oceanic 
mollusca. 

The  soundings  obtained  by  the  "  Challenger  "  expedition 
near  the  Bermudas,  from  various  depths  ^thin  a^ertain 

*  **  Quart.  Jonrn.  Geol.  Soc.,*'  vol  ix.  p.  208. 
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distance  of  the  reefs,  showed  that  in  all  cases  the  bottom 
consisted  of  **  soft,  white,  calcareous  mud,  evidently  pro- 
duced bj  the  disintegration  of  the  Bermuda  reef  and  of 
the  multitude  of  Pteropod  shells  which  sink  down  from 
the  surface."  ^ 

In  the  contracting  lagoons  of  certain  coral  islands,  it 
appears  possible  for  a  compound  of  the  carbonates  of  lime 
and  magnesia  (called  Dolomite)  to  be  formed.  Analyses 
of  the  coral  limestone  of  Matea  have  demonstrated  that 
magnesia  is  largely  present  in  some  specimens  of  the  rock, 
one  specimen  affording  as  much  as  38  per  cent.  Dana 
thinks  that  this  limestone  must  have  been  formed  in  a 
lagoon  where  the  soft  coral  mud  was  mixed  with  a  deposit 
of  maguesian  salts  obtained  from  the  sea-water  as  the 
solution  became  gradually  concentrated  by  evaporation. 

Thickness  of  Reef-rock. — As  reef-building  corals  can 
only  live  in  water  of  a  certain  depth,  it  might  be  supposed 
that  coral  limestones  would  seldom  be  of  any  great  thick- 
ness; that  in  a  stationary  area  they  could  not  be  much 
more  than  200  feet  thick,  that  in  a  rising  area  the  thick- 
ness would  be  less,  and  could  only  greatly  exceed  that 
amount  in  an  area  which  had  for  a  long  time  been  slowly 
subsiding  beneath  the  sea. 

It  must  be  remembered,  however,  that  the  outside  of 
every  reef  is  constantly  exposed  to  the  action  of  the  waves, 
and  that  much  of  the  dead  coral  is  broken  up  into  sand, 
which  often  accumulates  on  the  slopes  outside  the  reef, 
and  is  arranged  by  ctirrents  in  beds  and  banks  of  coral- 
sand.  Where  the  outside  slopes  are  gentle,  portions  of  the 
sea-floor  are  being  continually  built  up  to  within  80 
fathoms,  and  may  then  be  occupied  by  coral-polypes,  and 
be  converted  either  into  extensions  of  the  shore-reef,  or 
independent  and  isolated  outer  reefs.  The  precise  mode 
of  growth  must  depend  partly  on  the  conformation  of  the 
sea-floor  and  partly  on  the  strength  of  the  currents; 
where  the  sand  is  kept  in  constant  motion  corals  will  not 
grow,  but  where  it  is  at  rest  they  find  a  footing. 

There  is  therefore  no  reason  why  several  hundred  feet 
of  calcareous  detritus  should  not  be  deposited  outside  a 

I  «« Voyage  of  the  *  Challenger,' "  vol.  i.  p.  289. 
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reef,  or  why  the  reef  itself  should  not  in  time  extend  over 
a  large  portion  of  it,  the  entire  mass  being  eventuallj 
consolidated  into  a  limestone,  the  ^^hole  of  which  would,  if 
elevated,  be  called  "  coral-rock." 

As  a  matter  of  fact  the  thickness  of  "coral-rock"  on 
some  raised  coral-islands  is  known  to  be  more  than  200 
feet.  Thus  in  Barbados  numerous  deep  wells  have  been 
made  which  prove  the  rock  to  be  in  some  places  230  feet, 
and  in  one  case  260  feet,  but  observation  and  inquiry 
showed  that  the  lower  part  of  the  raised  reefs  generally 
consisted  of  d^ris-rock,  without  corals  in  position  of 
growth,  and  varying  in  thickness  from  5  to  60  feet.^ 

The  greatest  actual  proved  thickness  of  any  one  mass 
of  coral-rock  is  in  Oahu  (Hawaian  Islands),  where  a  boring 
is  said  to  have  been  carried  for  900  feet  through  "  hard 
ringing  coral-rock  into  sand  and  lava,"  but  how  much  of 
this  contained  coral-blocks  is  not  known.  Another  boring 
was  1,500  feet  deep,  passing  through  beds  of  gravel,  coral, 
clay,  and  lava,  one  mass  of  coral-rock  being  505  feet  thick, 
resting  on  195  feet  of  clay  and  gravel,  beneath  which  was 
again  28  feet  of  coral-rock.  Such  a  superposition  suggests 
subsidence,  but  the  latest  movement  of  the  island  has 
certainly  been  one  of  upheaval,'  and  there  is  no  kind  of 
barrier-reef  around  it. 

In  an  area  of  subsidence  it  is  obvious  that  a  great 
thickness  of  actual  reef -rock  might  be  formed,  because  the 
corals  could  grow  upwards  as  the  land  sank,  and  doubtless 
would  do  so  in  preference  to  growing  outwards.  Here, 
however,  we  are  met  by  a  difficulty.  It  is  always  difficult 
to  prove  subsidence  (see  p.  65):  how  then  ai^  we  to 
know  that  an  island  of  which  no  historical  records  exist 
has  sunk,  and  how  estimate  the  extent  of  subsidence  ? 
Deep  borings  are  few,  and  have  not  been  watched  by 
scientific  men.  It  has  been  supposed,  however,  that 
barrier-reefs  and  atolls  are  in  themselves  proofs  of  subsi* 
dence ;  this  is  Darwin's  theory  of  the  origin  of  such  reefs, 
and  this  theory  we  must  now  state  and  examine. 

Theories  of  Coral  Chrowth. — Darwin  pointed  out  what 

I  See  ''Quart.  Jonm.  Geol.  See.,"  vol.  xlvii.  pp.  211,  216. 
>  See  Professor  A.  Agassiz,  "Bull.  Mas.  Comp.  Zool.,"  1889, 
p.  152. 
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has  been  already  stated,  that  there  is  the  closest  connec- 
tion between  atolls  and  encircling  barrier-reef  s,  and  that 
one  might  be  formed  on  the  basis  of  the  other  if  the  island 
foundation  had  gradually  sunk.  In  the  same  way  he  said 
a  fringing-reef  might  by  subsidence  be  converted  into  a 
barrier-reef. 

The  upward  growth  of  a  coral-reef  over  a  sinking  island 
is  illustrated  in  fig.  63,  the  horizontal  lines,  s\  s^  s'  repre- 
senting the  sea-level  at  different  periods,  and  indicating 
the  amount  of  successive  subsidences.  When  the  sea  was 
at  the  level  8\  the  mass  of  the  island  was  above  water  and 
the  fringing-reef s,  f  f,  were  formed  round  its  shores.  Con- 
tinual, but  gradual,  subsidence  carried  the  land  downward 
while  the  reefs  have  grown  nearly  vertically  upward,  imtil 
the  sea^level  came  to  coincide  with  the  line  s^.    By  this 


Fig.  68.     Conversion  of  a  Fringing  Reef  into  an  Atoll 

by  Subsidence. 

submergence  the  limits  of  the  land  would  be  much  con- 
tracted, and  the  distance  between  its  shores  and  the 
encircling  reefs  would  be  correspondingly  increased,  so  that 
the  lattern^ere  eventually  converted  into  barrier-reefs,  b,  b. 
At  the  stage  s^  these  reefs  lay  at  a  considerable  distance 
from  the  coast  of  the  sinking  island,  and  were  separated 
from  it  by  a  wide  lagoon. 

If  the  subsidence  still  continued,  the  width  of  this  lagoon 
would  still  further  increase,  and  every  part  of  the  land 
would  be  covered  with  a  growth  of  coral,  until  the  whole 
was  converted  into  an  atoll,  a,  a,  or  ring  of  reefs  without 
a  central  island ;  except,  perhaps,  an  inner  reef  raised  upon 
the  last  disappearing  point  of  land,  as  at  i. 

This  theory,  at  once  so  simple  and  comprehensive,  met 
with  universial  acceptance,  and  was  for  many  years  be- 
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liefed  to  be  the  true  explanation  of  the  origin  of  such 
reefs.  It  is,  indeed,  Terj  probable  that  some  reefs  and 
atolls  have  been  formed  in  this  way,  the  mistake  made  by 
Darwin,  and  still  more  nnreservedlj  by  Dana,  was  in 
assuming  that  all  barrier-reefs  and  atolls  had  been  so 
formed,  and  that  every  such  reef  might  be  considered  as 
a  proof  of  subsidence. 

More  recently  Professor  Semper,  from  a  study  of  the 
Pelew  Islands  (1863) ;  L.  Agassiz  and  Leoonte,  of  the 
Florida  Eeefs  (1861-66) ;  Dr.  J.  Murray,  from  the  "  Chal- 
lenger "  Expedition  (1880) ;  A.  Agassiz,  writing  on  the 
Florida  Beefs  (1882)  ;  Dr.  Guppy,  on  the  Solomon  Islands 
(1884-87) ;  and  Mr.  J.  C.  Bourne,  on  the  Coral  Formations 


Fig.  69.    Diagram  to  illustrate  Dr.  Murray's  theory  of  the 

basis  of  Coral-reefs. 

a  a.  The  original  bank.    hh.  Deposit  of  organic  d6bris.    ec.  CoraL 

8  8,  Level  of  the  sea. 

of  the  Indian  Ocean  (1888),  have  all  dissented  from 
Darwin's  conclusions.  These  writers  have  pointed  out 
the  following  facts  among  others : — 

1.  The  three  kinds  of  reefs, — Fringes,  Barriers,  and 
Atolls, — frequently  occur  in  the  same  group  of  islands. 

2.  That  all  these  kinds  also  occur  within  regions  which 
are  known  to  have  been  recently  elevated,  as,  for  instance, 
the  Florida  region  and  that  of  the  Solomon  Islands. 

3.  That  recent  observations  have  shown  how  submarine 
banks  and  ridges  may  be  built  up  by  accretion  tiU  they 
form  foundations  for  coral-reefs. 

The  careful  examination  of  the  reefs  of  Florida  and  the 
adjacent  islands,  by  Professor  A.  Agassiz,  leaves  little 
doubt  that  they  are  based  upon  the  great  sheU-banks 
which  exist  in  those  seas,  and  which  are  still  being  formed 
(see  p.  279). 
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Fig.  69  shows  how  a  submarine  bank,  ridge,  or  eminence 
may  be  heightened  by  the  gradual  accumulation  of  organic 
debris  till  its  surface  is  brought  within  the  depth  of  water 
in  which  reef-corals  can  live,  and  how  an  atoll-like  reef  may 
then  be  built  upon  it. 

Ocean  shoals  are  much  more  numerous  than  was  sus- 
pected in  Darwin's  time,  and  eyery  submarine  eminence 
is  being  heightened  by  the  accumulation  of  organic  d^ris 
on  its  surface,    Mr.  Murray  has  estimated  that  in  tropical 
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Fig.  70.    Chart  of  Macclesfield  Bank  (after  Capt.  Wharton). 
Scale  20  sea-milee  to  an  inch.    Sonndings  in  fathoms. 

seas  a  square  mile  by  100  fathoms  deep  contains  over  six- 
teen tons  of  carbonate  of  lime  in  the  shape  of  living 
organisms ;  and  besides  this  there  are  all  the  creatures 
w^ch  grow  or  creep  on  the  surface  of  the  shoal  itself. 

Again,  in  volcamc  regions  cinder-cones  often  form  tem- 
porary islands,  which  are  gradually  worn  down  by  the  waves 
till  only  a  submarine  shoal  remains,  and  this  would  form 
a  suitable  foundation  for  a  coral  island. 

Finally,  Captain  Wharton  has  called  attention  to  certain 
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submarme  banks  wbich  present  the  appearance  of  being* 
atolls  in  the  process  of  formation.'  Thns  the  Macclesfield 
Bank  in  the  China  Sea  is  a  large  OTal  area  70  miles  in  length, 
the  central  part  of  which  is  covered  hj  40  or  50  fathoms 
of  water,  but  all  round  its  rim  are  a  series  of  growing 
coral-reefs,  some  of  which  rise  to  within  10  fathoms  of 
the  surface  (see  fig.  70).  The  Tizard  Bank  in  the  same 
sea  presents  similar  features,  but  in  this  case  some  of  the 
reefs  hare  actuallj  reached  the  sur&ce,  while  others  are 
still  4  or  5  fathoms  deep. 

Dr.  Coppinger,  describing  the  Admirante  Islands  in  the 
Indian  Ocean/  sajs  thej  stand  on  an  oval-shaped  bank 
which  has  a  raised  rim  and  a  central  d^ressed  area,  and 
he  remarks  that  several  of  the  islands  present  positive 
evidence  of  elevation.  The  African  Islands  exhibit  similar 
features.  Here,  therefore,  we  have  banks  with  the  aspect 
of  submerged  or  imperfect  atolls  which  bear  direct  evidence 
of  upheaval,  not  subsidence. 

The  Tonga  Islands  in  the  Pacific  afford  instances  of 
raised  coral-limestones  resting  on  stratified  volcanic  ash 
and  tuff.  Falcon  Island,  whidi  is  one  of  the  group,  and 
was  described  on  p.  45,  shows  how  this  basis  may  be  pre- 
pared ;  and  Mr.  J.  J.  Lister  has  shown  that  elevation  has 
been  in  progress  for  a  great  length  of  time,  raising  coral- 
reefs  on  Eua  and  Yavau  to  heights  of  500  and  1,000  feet 
above  the  sea.' 

Given  a  foundation,  we  only  need  an  explanation  of  the 
special  coral  growth  on  its  border  to  understand  the 
formation  of  an  atoU.  This  is  not  difficult.  All  writers 
(Darwin  included)  agree  that  the  corals  which  establish 
themselves  on  the  outer  parts  of  a  shoal  are  likely  to  grow 
more  vigorously  than  those  on  the  inner  parts,  because  they 
get  a  more  abundant  supply  of  food  in  the  sweep  of  the 
ocean  currents.  The  currents  themselves  too  exert  a 
directing  influence:  several  observers,  notably  Semper, 
Bourne,  and  Hickson,  lay  stress  on  this  influence,  and 
state  that  corals  will  not  flourish  in  a  very  strong  current 
(6  or  7  miles  an  hour),  nor  in  still  water,  but  grow 

*  «'  Nature,"  Feb.  23, 1888,  p.  393, 

•  "  Cruise  of  the  '  Alert,' "  p.  225. 

»  "  Quart.  Joum.  Geol.  Soc.,"  vol.  xlvii.  p.  690. 
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luxuriantly  in  places  where  a  moderate  current  flows  over 
them.  Such  conditions  exist  on  the  outer  slopes  of  a  sub- 
marine bank  more  than  over  its  central  part. 

Moreover,  when  once  the  outer  reefs  have  grown  up  so 
far  as  to  come  within  the  influence  of  wave  action,  other 
causes  come  into  play ;  broken  fragments  and  dead  coral- 
blocks  are  piled  on  these  reefs,  while  fine  sand  and  sediment 
are  carried  inward  over  the  lagoon  area,  and  are  kept  in 
movement  by  every  tide.  This  exerts  a  great  repressive 
influence  on  the  coral  growths  of  the  central  space ;  and  this 
repression  is  aided  by  the  boring  and  excavating  action  of 
certain  worms,  Molluscs  and  Echini,  which  attack  dead 
coral,  and  possibly  also  (as  Murray  suggests)  by  the  actual 
solution  of  some  of  the  dead  coral.  Sediment  in  motion, 
however,  seems  to  be  the  chief  check  to  coral  growth,  and 
where  the  scour  of  the  tide  is  not  very  great  the  lagoon  is 
sometimes  being  choked  up  with  sediment,  as  in  the  Cocos- 
Keeling  Atoll. 

Putting  all  the  preceding  considerations  together,  we 
arrive  at  the  conclusion  that  Darwin's  theory  cannot  be 
accepted  as  a  general  explanation  of  Atolls  and  Barrier- 
reefs,  and  that  the  inferences  drawn  from  it  as  to  the  great 
thickness  of  coral-rock  beneath  some  reefs  cannot  be  enter- 
tained without  further  evidence. 

Both  Professor  Agassiz  and  Dr.  Guppy  truly  remark 
that  Darwin  and  Dana  were  not  justified  in  assuming  the 
submarine  slope  outside  a  coast-lme  to  be  a  prolongation  of 
the  exposed  liuid-slope.  Such  a  mode  of  reasoning  is  very 
fallacious,  and  cannot  lead  to  accurate  results.  Experience 
has  shown  that  submarine  slopes  are  very  irregular,  and  are 
often  broken  into  a  series  of  gentle  inclines  with  short, 
steep  slopes  between  them.  It  has  also  been  found  that 
there  are  such  things  as  submarine  barrier-reefs  as  well  as 
submarine  atolls,  that  is  to  say,  wall-like  reefs  which  rise 
from  ledges  where  the  corals  are  forced  to  grow  upward, 
being  limited  on  the  one  side  by  deep  water  and  on  the  other 
by  unstable  sand  or  mud  derived  from  a  reef  nearer  the 
shore  which  is  exposed  to  wave-erosion.^ 

^  See  Guppy,  "  Proc.  Roy.  Soc  Edin.,"  1886,  p.  880 ;  Jukes- 
Browne  and  Barrijson,  ''Quart.  Journ.  Geol.  Soc.,"  voL  xlvii. 
p.  204 ;  and  Captain  Wharton,  *<  Nature,"  1888,  p.  305. 


CHAPTER  XVL 

DEEP-SSA  AND   OCEANIC   DEPOSITS. 

WE  have  now  to  consider  tlie  deposits  which  are  being 
formed  in  the  great  oceanic  depressions  which  lie 
outside  the  shelf  or  zone  of  comparativelj  shallow  water 
which  border  the  continental  areas.  These  deposits  may  be 
classified  as  follows : — 

1.  Blue  muds. 

2.  Glauconitic  marls  and  sands. 

3.  Calcareous  oozes. 

4.  Bed  clajs. 

5.  Siliceous  oozes. 

1.  Blue  Mtids, — ^It  was  mentioned  on  p.  267  that  the  finest 
part  of  the  sediment  derived  from  the  waste  of  land-sur» 
faces  is  carried  for  a  certain  distance  into  the  seas  and 
oceans.  This  sediment  forms  a  layer  of  blue  mud,  and 
there  is  generally  a  band  of  such  mud  immediately  outside 
the  sands  which  border  the  coasts  of  the  great  continents. 
It  often  extends  to  considerable  depths,  but  seldom  coTcrs 
a  large  area  except  where  great  rivers  discharge  into  wide 
bays  or  gulfs.  Thus  in  the  Arabian  Sea  and  in  the  Bay  of 
Bengal  blue  mud  extends  to  a  distance  of  700  miles  from 
land  and  down  to  depths  of  more  than  2,000  fathoms,  and 
covers  an  area  of  about  1,700,000  square  miles.^  Dr. 
Murray  describes  these  muds  as  soft  and  reddish  at  the 
surface,  but  stiff,  blue,  and  tenacious  underneath.  They 
contain  much  more  organic  matter  than  the  more  remote 
oceanic  deposits,  and  it  is  the  slow  decomposition  of  this 
which,  by  reducing  the  higher  oxides,  gives  the  mass  a 

^  See  map  and  description  of  the  depoeits  in  the  Indian  Ocean » 
by  Dr.  J.  Murray,  in  the  '*  Scottish  Geographical  Magazine,'* 
August,  1889. 
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bluish  tint.  The  mineral  particles  whicli  make  up  the 
hvJk  of  the  deposit  are  of  various  kinds,  and  quartz  grains 
are  generally  present. 

Along  the  east  coast  of  South  America  there  is  a  deposit 
of  analogous  origin  and  composition,  but  it  is  red  instead  of 
blue,  deriving  its  colour  from  the  presenceof  peroxide  of  iron. 

Oreen  Maria  and  8andt. — These  occur  clueflj  along  high 
and  bold  coasts  where  no  great  rivers  enter  the  sea,  and 
where  consequently  deposits  accumulate  much  more  slowly 
than  in  the  regions  where  blue  mud  occurs.  The  material 
of  the  green  deposits  seems  to  be  partly  terrigenous  and 
partly  pelagic,  but  the  mineral  particles  appear  to  have 
been  long  exposed  to  the  action  of  the  sea- water,  and  to  have 
undergone  much  alteration.  Much  of  the  green  matter  in 
the  marls  seems  to  be  of  organic  origin,  for  when  heated  on 
platinum  foil  it  burns,  leaving  a  residue  of  carbon  and 
red  oxide  of  iron,  but  there  are  also  grains  of  a  green 
mineral  known  as  glauconite,  which  is  a  silicate  of  alumina 
and  iron.  Shells  of  Foraminifera  and  Oceanic  Mollusca 
are  abundant,  and  often  form  over  60  per  cent  of  the  mass. 
A  great  number  of  these  shells  are  filled  with  glauconite, 
either  dark  green,  pale  green,  or  yellow  in  colour,  and  where 
the  finer  sediment  is  washed  out  by  a  current  the  remainder 
forms  a  green  sand.  Such  green  sand  occurs  on  the 
Agulhas  Bank  south  of  Africa,  and  below  the  Oulf  Stream 
between  Florida  and  Cape  Hatteras,  in  depths  of  from  100 
to  1,000  fathoms.  Glauconite  concretions  containing 
phosphate  of  lime  also  occur  at  both  places. 

Volcanic  islands  are  always  bordered  by  deposits  of  sandy 
marl  or  mud,  consisting  of  mineral  particles  derived  from 
volcanic  rocks,  with  varying  proportions  of  Foraminifera  and 
Oceanic  Mollusca,  but  seldom,  if  ever,  any  glauconite.  The 
coral  muds  which  similarly  surround  coral  islands  have 
already  been  described. 

Pteropod  Ooze. — The  surface  waters  of  the  warmer 
regions  of  the  great  oceans  swarm  with  small  Molluscs 
belonging  to  the  classes  Pteropoda,  Heteropoda,  and  the 
young  irj  of  Gasteropoda.  All  these  have  exceedingly 
thin  and  delicate  shells,  and,  like  all  the  minuter  forms  of 
animal  life,  they  make  up  for  their  individual  insignificance 
by  their  immense  abundance,  so  that  they  actually  supply 
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The  deep-sea  soundings  carried  out  across  the  North 
Atlantic  by  Captain  Dayman  (1857),  and  more  recently  by 
the  officers  of  the  "  Challenger  "  expedition  (1873-6),  have 
made  us  well  acquainted  with  the  bed  of  that  ocean.  At 
a  distance  of  about  200  miles  from  the  west  coast  of  Ireland 
the  bed  of  the  Atlantic  slopes  down  rapidly  to  a  depth  of 
1,700  fathoms,  and  thence  there  is  a  great  undulating  sub- 
marine plain  which  extends  to  within  500  miles  of  New- 
foundland, when  the  bottom  slopes  gradually  up  again  till 
it  rises  into  dry  land.  This  great  plain  has  been  called  the 
telegraphic  plateau ;  from  east  to  west  it  measures  about 
1,300  miles,  and  from  Greenland  on  the  north  to  the  Azores 
on  the  south  its  extent  is  about  the  same,  most  of  this 
space  being  about  2,000  fathoms  deep,  and  no  part  of  it 
being  deeper  than  2,700  fathoms,  or  16,200  feet. 

Specimens  of  the  mud  at  the  bottom  were  brought  up  by 
the  sounding  machines  during  the  various  surveys,  and 
that  which  is  found  all  over  the  central  space  between 
Ireland  and  Newfoundland,  and  also  far  to  the  southward, 
is  a  kind  of  soft  sticky  or  mealy  substance,  which  was  de- 
scribed by  Captain  Dayman  imder  the  name  of  ooze.  This 
ooze  is  of  a  whitish,  or  greyish- white  tint,  and  when  dry  re- 
sembles very  fine  chalk.  When  examined  under  the  micro- 
scope it  is  found  to  consist  chiefly  of  the  shells  of  Foramini- 
fera,  and  as  more  than  three-fourths  of  these  belong  to  the 
one  genus  Olohigerina,  it  has  therefore  been  termed  the 
Ohhigerijia  ooze.  When  treated  with  a  dilute  acid,  a  violent 
efEervescence  takes  place,  and  the  greater  part  of  its  bulk 
disappears,  being  chiefly  carbonate  of  lime.  Tl^e  insoluble 
remainder,  usually  about  one-tenth  by  weight  of  the  whole 
mass,  consists  partly  of  siliceous  matter  of  organic  origin, 
and  partly  of  minute  particles  of  pumice,  felspar,  augite,  and 
other  minerals  which  occur  in  volcanic  rocks.  The  trans- 
port of  volcanic  dust  to  great  distances  by  the  winds,  and  of 
pumice  by  marine  currents,  readily  accounts  for  the  occur- 
rence of  these  mineral  fragments. 

The  analyses  of  calcareous  oozes  vary  considerably,  but 
the  following  is  the  composition  of  three  samples :  ^  two  are 
Globigerina  oozes  from  the  North  Atlantic,  No.  1  from  the 

»  "  Voyage  of  the  '  ChaUenger,' "  vol.  ii  pp.  374,  380. 
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depth  of  1,900  fathoms,  and  the  second  from  a  depth  of 
1,420  fathoms;  the  third  is  a  Pteropod  ooze  from  450 
fathoms  off  Sombrero  Island  in  the  West  Indies  : — 


No.  1. 

No.  2. 

No.  3. 

Loss  on  ignition      .     .     . 
Alumina  and  ferric  oxide 
Calcium  sulphate    .     .    • 
Calcium  carbonate .     .     « 
Ma^esium  carbonate .     . 
Soluble  silica      *     .    •    . 
Besidue»  chiefly  silicates  . 

6-68 
6-86 
0-61 
74-60 
1-27 
5-80 
6-63 

3-80 
4-42 
2.-82 
80-69 
0-68 
4-14 
3-45 

4-00 
4-80 
100 
84-27 
1-28 
2-60 
2-05 

100-00 

10000 

100-00 

It  was  for  some  time  a  question  whether  these  Olobige- 
rinsB  lived  at  the  bottom  of  the  ocean  where  their  shells 
are  now  found,  or  whether  they  lived  in  the  surface  waters, 
their  shells  only  falling  to  the  bottom  when  the  animals 
died.  The  observations  of  Dr.  Murray,  during  the  voyage 
of  the  "Challenger,"  proved  the  latter  to  be  the  truth. 
He  found  that  the  Globigerinse  swarmed  at  and  near  the 
surface  in  such  numbers  that  their  shells  must  fall  like  an 
incessant  rain  through  the  waters  of  the  ocean,  and  must 
be  continually  adding  to  the  deposit  at  the  bottom.  Pro- 
fessor Huxley  has  calculated  that  if  we  assume  this  fora- 
miniferal  shower  will  form  in  one  year  a  layer  of  solid 
matter  one-tenth  of  an  inch  thick,  "then  if  the  present 
state  of  the  Atlantic  Ocean  has  existed  for  only  100,000 
years,  this  apparently  unimportant  operation  will  have 
sufficed  to  cover  its  floor  with  the  materials  of  a  bed  of 
limestone  no  less  than  800  feet  thick."  *  Looking  only  to 
the  shallower  parts  of  the  Atlantic,  where  the  deposits 
bear  a  greater  resemblance  to  chalk  than  those  of  the 
deeper  waters,  we  see  that  if  these  were  gradually  uplifted 
above  its  surface,  the  land  so  produced  would  consist  of  a 


»  "Physiography,"  p.  267. 


CHAP.  XVI.]    DEEP-SEA  AND  OCEANIC  DEPOSITS.  299 

chalky  material  similar  to  that  which  occupies  so  large  a 
portion  of  the  continent  of  Europe. 

The  Globigerina  ooze  of  the  North  Atlantic  has  been 
specially  described  because  the  first  explorations  were  made 
in  that  ocean,  but  it  is  also  the  prevalent  deposit  in  the 
South  Atlantic,  Pacific,  and  Indian  Oceans,  wherever  the 
depth  does  not  exceed  2,400  fathoms.  In  depths  of  less 
than  2,000  fathoms  the  ooze  contains  from  50  to  86  per  cent, 
of  carbonate  of  lime  ;  but  below  this  depth  the  amount 
rapidly  decreases,  the  shells  in  it  having  a  more  and  more 
rotten  and  decayed  appearance ;  at  the  same  time  the  ooze 
assumes  a  grey,  and  finally  a  reddish  or  brownish  tint,  and 
passes  either  into  a  red  clay  or  a  Badiolarian  ooze  (to  be 
described  hereafter).  It  would  appear,  therefore,  that  the 
falling  shells  suffer  from  the  dissolving  action  of  the  car- 
bonic acid  in  the  sea-water,  and  that  where  they  have  to 
fall  through  more  than  three  miles  of  water  they  lose  a 
large  portion  of  their  substance,  and  are  finally  altogether 
dissolved.  It  would  also  seem  that  this  dissolution  pro- 
ceeds more  rapidly  at  great  depths,  probably  because  of 
the  great  pressure  at  such  depths. 

Bed  Clay, — The  central  part  of  the  Atlantic  Ocean  is 
divided  into  two  great  basins  by  a  sub-oceanic  ridge,  now 
known  as  the  Dolphin  Bank.  The  Azores  are  situate  on 
this  ridge,  which  slopes  on  each  side  down  to  depths  of  over 
2,500  fathoms,  and  in  two  places  to  over  3,000  fathoms. 
The  South  Atlantic  is  similarly  divided  by  the  Challenger 
Bank,  and  has  similar  depths.  The  Pacific  has  large  areas 
which  are  over  3,000  fathoms,  and  one  pait  which  is  over 
4,000.  The  central  part  of  the  Indian  Ocean  is  between 
2,000  and  8,000  fathoms,  only  three  small  areas  being  over 
the  latter  depth. 

It  has  been  stated  that  at  depths  of  about  2,400  fathoms 
the  ooze  assumes  a  reddish  tint;  this  is  due  to  the  higher 
oxides  of  iron  and  manganese,  and  where  siliceous  or- 
ganisms are  few,  the  Globigerina  ooze  passes  into  a  red 
or  reddish-brown  day,  which,  in  the  greater  depths,  con- 
tains merely  a  trace  of  carbonate  of  lime.  The  passage 
from  ooze  to  red  clay  is  often  gradual,  so  that  some  sam- 
ples which  are  classed  as  red  clay  contain  many  Foramini- 
fera  and  yield  from  20  to  30  per  cent,  of  carbonate  of  lime. 
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In  greater  depths,  however,  the  bulk  of  the  deposit  (over 
80  per  cent.)  consists  of  fine  amorphous  clayey  matter 
mixed  with  veiy  minute  mineral  particles ;  in  this  are 
scattered  a  few  larger  particles  of  volcanic  minerals,  and 
often  a  large  quantity  of  disintegrated  fragments  of  pumice. 
Peroxide  of  manganese  is  also  abundant,  both  in  the  form 
of  small  grains  and  of  large  nodules  or  concretions. 

Dr.  J.  Murray's  view  of  the  origin  of  this  remarkable 
deposit  is  now  generally  accepted ;  he  points  out  that  the 
materials  of  which  it  is  formed  are  present  in  the  Globi- 
gerina  ooze,  but  are  there  masked  by  the  large  amount  of 
•calcareous  material ;  if,  however,  this  material  is  removed, 
the  residue  is  similar  in  composition  to  the  red  clay,  only 
differing  in  having  a  larger  proportion  of  definite  mineral 
fragments.  He  naturally  infers  that  the  red  clay  and  the 
ooze  residue  have  the  same  origin,  and  that  they  are 
entirely  derived  from  the  fine  dust  which  is  carried  by  the 
winds,  and  from  the  pumice  which  floats  on  the  surface  of 
the  ocean.  Both  the  pumice  and  much  of  the  dust  are 
volcanic  ejections  (see  p.  28)  ;  the  universal  distribution 
of  pumice  over  the  ocean  and  the  ocean-floor,  and  on  the 
shores  of  oceanic  islands,  was  established  by  the  experiences 
of  the  "  Challenger  "  expedition.  The  dredge  often  brought 
up  bushels  of  waterwom  pieces  of  it,  from  small  grains  to 
large  lumps.  Besides  this  volcanic  material,  fine  terrestrial 
dust  is  often  borne  to  great  distances,  and  may  contribute 
to  the  formation  of  the  red  clay. 

When  the  particles  of  dust  reach  the  bottom  many 
undergo  slow  decomposition,  and  ultimately  furnish  the 
fine  amorphous  matenal  which  forms  so  large  a  part  of  the 
deposit.  If  this  view  of  its  formation  be  true,  its  accumu- 
lation must  be  a  very  slow  process,  and  of  this  there  are 
several  proofs.  The  teeth  of  sharks  and  the  ear-bones  of 
whales  are  much  more  common  in  the  red  clay  areas  than 
Any  where  else,  but  as  there  is  no  reason  to  suppose  sharks 
and  whales  are  any  commoner  in  the  waters  above  them,  it 
can  only  be  that  they  remain  unburied  for  a  much  longer 
time  than  where  ooze  is  being  formed.  Again,  some  of  the 
teeth  dredged  up  belong  to  extinct  species,  a  striking  proof 
of  the  slowness  of  accumulation  in  these  depths.  Lastly, 
in  the  red  clay  there  is  a  much  larger  proportion  of  par- 
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be  80  largely  composed  of  Eadiolaria  that  Dr.  Murray  pro- 
posed for  it  the  name  of  Badiolaria/n  Ooze,  There  is,  in 
fact,  no  difference  between  red  clay  and  some  of  the  Badio- 
larian  ooze,  except  the  presence  of  Badiolaria ;  when  these 
make  up  25  per  cent,  of  the  mass  it  is  called  Badiolarian 
ooze.  The  siliceous  organisms  often  make  up  60  or  70  per 
•cent,  of  the  ooze,  and  include  Diatoms  and  fragments  of 
the  spicules  and  skeleton^  of  siliceous  sponges. 

From  his  Pacific  experiences  Sir  Wyrille  Thomson 
thought  that  this  ooze  belonged  to  still  greater  depths  than 
the  red  clay,  the  latter  passing  down  into  it  by  an  increase 
in  the  number  of  siliceous  organisms ;  he  says :  "  If  the 
Badiolarians  live  at  all  depths  in  the  sea,  the  number  of 
their  skeletons  falling  to  the  bottom  at  one  place  must 
increase  with  the  increasing  depth  of  the  water,  and  it 
becomes  quite  intelligible  that,  in  a  bed  which  is  being 
formed  at  the  prodigious  depth  of  five  and  a  haK  nautical 
miles,  the  tests  of  the  Badiolarians  should  so  preponderate 
over  the  red  clay  as  to  entirely  alter  the  character  of  the 
deposit." '  Further  exploration,  however,  has  not  quite 
•confirmed  this  view;  there  is  often  a  passage  from  red  clay 
to  Badiolarian  ooze,  but  it  is  a  lateral  one  and  not  depen- 
dent on  any  increase  of  depth.  Moreover  Globigerina  ooze 
sometimes  passes  directly  into  Badiolarian  ooze  without  the 
intervention  of  any  red  clay. 

The  abundance  of  the  shells  of  Badiolaria  on  some  parts 
•of  the  ocean-floor,  and  their  rarity  on  other  parts,  has  not 
yet  been  fully  explained,  but  Dr.  Murray  observes  that  they 
■appear  to  be  more  abundant  in  those  parts  of  the  ocean 
which  have  a  relatively  low  degree  of  salinity,  and  they  are 
not  abundant  in  the  Atlantic  where  the  salinity  is  generally 
high. 

In  Barbados  there  is  an  interesting  series  of  raised 
oceanic  deposits,  consisting  chiefly  of  fine  chalky-looking 
white  or  pale  buff  earths.  These  comprise  a  central  mass 
of  pure  Biadiolarian  earth,  passing  both  upward  and  down- 
ward through  calcareo-siliceous  earth  into  pure  forami- 
niferal  marl  or  chalk.  These  beds  are  230  feet  thick,  and 
tabove  them  are  red,  pink,  and  yellow  oceanic  clays. 
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Diatom  Ooze. — The  lacustrine  forms  of  the  micro- 
scopic plants  called  Diatoms  have  already  been  mentioned 
(p.  239).  We  are  now  concerned  with  those  which  live  in 
salt  water.  They  abound  in  all  seas,  from  the  equator  to 
the  poles,  and  have  been  found  alive  in  ice.  According  to 
Ehrenberg,  the  siliceous  cases  of  these  organisms  which 
are  annuallj  deposited  in  the  harbour  of  Wismar,  on  the 
Baltic,  amount  to  about  18,000  cubic  feet,  and  the  mud 
there  formed  is  consequently  very  siliceous.  Ehrenberg 
has  also  shown  that  the  finest  marine  silts  and  muds,  espe- 
cially such  as  are  deposited  in  estuaries,  contain  large 
numbers  of  Diatom  frustules. 

It  is  not  surprising,  therefore,  to  find  that  these  siliceous 
deposits  form  extensive  beds  in  some  parts  of  the  world. 
The  town  of  Bichmond,  Virginia,  U.S.,  is  built  on  siliceous 
marls  having  such  an  organic  origin;  and  forming  strata 
30  feet  in  thickness.  In  these  bedis  the  beautiful  micro- 
scopic objects,  ActinocycLvs  and  CoscinodiBcus  are  found,  as 
well  as  several  species  of  Namcvla  and  €MioneUa,  some  of 
which  are  shown  in  fig.  73. 

Sir  John  Hooker  long  ago  mentioned  their  abundance  in 
the  South  Polar  Ocean,  and  described  a  diatomaceous  ooze 
as  occuring  near  the  Victoria  Barrier  over  an  area  measuring 
about  400  miles  in  length  and  200  in  breadth.  This  was  con- 
firmed by  the  "  Challenger  "  observations,  and  it  was  found 
that  in  passing  from  the  tropical  oceans  to  the  great 
Southern  Ocean  which  surrounds  the  Antarctic  continent 
a  change  always  took  place  in  the  character  of  the  surface 
fauna,  the  tropical  species  of  the  pelagic  organisms  gradu- 
ally disappearing  and  Diatoms  becoming  at  the  same  time 
more  and  more  numerous.  A  corresponding  change  takes 
place  in  the  deposit  on  the  ocean-floor,  the  Foraminifera 
becoming  fewer  and  smaller  and  the  percentage  of  Diatoms 
increasing,  till  at  length  the  deposit  becomes  a  Diatom 
ooze,  which  is  yellowish  when  wet  but  white  when  dry,  and 
then  resembles  meal  or  flour.  Of  this  material  about  70 
per  cent,  consists  of  Diatoms,  either  whole  or  in  fragments, 
and  there  is  generally  10  or  20  per  cent,  of  calcareous 
shells,  the  remainder  being  clay  and  mineral  fragments. 

Rarity  of  Oceanic  Deposits  among  Stratified 
Rocks. — Although  in  this  chapter  some  account  has  been 
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PART  11. 

STRUCTURAL  GEOLOGY, 

OR  THE  STRUCTUEE  AND  RELATIVE  POSITION 

OF  ROCK-MASSES. 

THE  geological  significance  of  the  principal  physical 
operations  which  are  now  taking  place  in  or  upon  the 
earth's  crust  has  been  considered  in  the  first  part  of  this 
volume.  The  knowledge  thus  obtained  will  enable  us  to 
explain  the  nature  and  structure  of  the  various  rock-masses 
which  make  up  that  portion  of  the  earth's  crust  that  is 
open  to  our  observation ;  and  to  understand  how  the  rocks 
have  been  brought  into  the  positions  in  which  they  are 
now  found.  This  part  of  the  subject  includes  two  branches 
of  study :  (1)  the  mineralogical  composition  of  rocks ;  (2) 
the  arrangement  of  rock-masses,  and  their  relations  to  one 
another. 

When  the  student  is  in  possession  of  these  i^ts  he  is 
able  to  enter  upon  a  third  branch  of  geological  inquiry, 
namely,  that  of  Physiography,  or  the  evolution  of  the 
physical  features  of  the  earth's  surface. 


CHAPTEE  I. 

CBY8TALS  A17D  BOGK-FORMINO   MINERALS. 

IN  the  preceding  pages  we  have  assumed  that  the  reader 
possesses  such  an  acquaintance  with  the  commoner 
kinds  of  rock  as  may  be  obtained  from  any  elementaiy 
treatise  on  Geology  or  Mineralogy.  To  comprehend  what 
has  gone  before  it  was  only  requisite  that  he  should  imder- 
stand  the  difference  between  such  common  materials  as 
clay,  chalk,  sandstone,  limestone,  granite,  etc. ;  but  before 
entering  upon  the  special  study  of  rock-masses,  it  is  cer- 
tainly necessary  to  have  a  more  considerable  acquaintance 
with  the  different  kinds  of  rocks  and  minerals  which  occur 
in  the  earth's  crust.  The  following  chapters  have  therefore 
been  prepared  with  the  object  of  imparting  to  the  student 
just  so  much  mineralogical  information  as  will  enable  him 
to  comprehend  the  contents  of  those  that  succeed  them. 

Petrology,  or  the  study  of  the  mineral  components  of 
rocks,  is  based  on  the  science  of  mineralogy.  It  is  not 
necessary,  however,  for  geological  purposes  that  the  student 
should  make  himself  acquainted  with  all  the  different 
minerals  known  to  the  mineralogist,  because  those  which 
may  be  considered  as  the  essential  constituents  of  rocks  are 
comparatively  few  in  number.  It  is  therefore  only  these 
special  rock-forming  minerals  which  will  be  described  in 
the  following  pages. 

Again,  to  understand  mineralogy  some  knowledge  of 
chemistry  is  required,  and  if  the  student  has  not  pre- 
viously acquired  this,  it  will  be  desirable  for  him  to  read 
some  elementary  treatise,  such  as  Eoscoe's  ''Primer  of 
Chemistry  "  (Macmillan's  Series),  or  "  Popular  Chemistry  " 
(Whittaker's  Series).    Chemistry  and  Mineralogy  being 


308  STRUCTURAL  GEOLOGY.  [PABT  II. 

eqtLallj  outside  the  scope  of  this  manual,  we  shall  not 
occupy  space  by  giving  more  than  a  brief  summary  of 
what  the  student  can  learn  elsewhere. 

Chemical  Elements  and  Compounds. — Chemical 
analysis  has  discovered  that  there  are  between  sixty  and 
seventy  simple  or  elementary  substances.  All  mineral 
bodies  and  all  organic  bodies  consist  either  of  one  of 
these  elements,  or  of  a  compound  of  two  or  more  of 
them.  Except  fifteen,  these  are  all  metals,  and  of  these 
metallic  elements  many  are  of  very  rare  occurrence.  Of 
the  other  fifteen  some  are  solid,  as  sulphur  and  carbon, 
others  are  always  found  in  a  gaseous  state,  such  as  oxygen, 
hydrogen,  and  nitrogen. 

Of  all  these  elementary  substances  not  more  than 
eighteen  enter  into  the  composition  of  ordinary  rock- 
forming  minerals;  these  are  given  below,  together  with 
the  letters  which  chemists  employ  to  denote  them. 


Non-Metals. 

Oxygen O 

Hydrogen H 

Silicon Si 

Carbon C 

Boron B 

Sulphur S 

Chlorine CI 

Fluorine F 

Phosphorus    •    .     ,     .  P 


Metals. 
Aluminium    .    .     .     .    Al 

Potassium K 

Sodium Na 

Calcium Ca 

Magnesium    ....  Mg 
Lithium     .     .     .  *  .     .     Li 

Iron Fe 

Manganese     «...  Mn 
Titanium Ti 


There  are  a  great  many  other  metals,  and  they  are  capa- 
ble of  being  grouped  into  classes,  the  members  of  each 
class  having  certain  characters  in  common;  thus  potas- 
sium, sodium,  and  lithium  are  metals  of  the  alkiEdies; 
calcium  and  two  others,  strontium  and  barium,  form  the 
alkaline  earths;  and  magnesium  is  so  closely  allied  that 
it  might  be  put  in  the  same  class. 

Oxygen  is  the  most  abundant  element  on  the  earth.  It 
combines  with  all  the  other  elements  except  fluorine,  and 
these  simple  combinations,  or  oxides,  are  consequently  the 
most  abundant  and  important  compounds  in  nature. 
Oxygen  combined  with  hydrogen,  in  the  proportion  of  one 
,  atom  of  0  to  two  atoms  of  H,  forms  water  (H,0).    With 
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carbon  it  forms  two  compounds,  carbonic  oxide  (CO)  and 
carbonic  dioxide  (CO,).  In  combination  with  silicon  it 
makes  the  substance  silica  (SiOj),  and  combined  with  the 
metals  aluminium,  calcium,  magnesium,  it  forms  alumina 
(AlaOj),  lime  (CaO),  and  magnesia  (MgO).  All  these 
Bubstajices  are  oxides,  and  when  they  have  no  special  name 
in  ordinary  use,  like  lime  for  the  oxide  of  calcium,  they 
are  spoken  of  simply  as  the  oxide  of  iron,  or  oxide  of  man- 
ganese. 

It  will  be  observed  that  the  proportion  of  oxygen  varies 
in  different  oxides,  and  some  of  the  elements  form  two  or 
more  oxides  which  differ  in  appearance  and  properties; 
thus  there  are  three  different  oxides  of  iron — viz.,  FeO,  the 
protoxide;  Fe^Os,  the  peroxide;  and  Fe304,  an  intermediate 
oxide.  In  like  manner  carbon  forms  carbides,  sulphur 
forms  sulphides,  and  chlorine  chlorides. 

Certain  of  the  oxides  of  metals,  called  basic  oxides, 
combine  with  water  to  form  compounds  called  basic 
hydrates,  e.g.  lime  (calcium  oxide)  with  water  forms  slaked 
lime  (caJcium  hydrate)  ;  potassium  oxide  similarly  yields 
potash  (potassium  hydrate).  The  basic  oxides  and  their 
hydrates  are  collectively  termed  bases. 

Most  of  the  oxides  of  the  non-metallic  bodies,  on  the 
other  hand,  combine  with  water  to  form  compounds,  called 
acid  hydrates  or  acids,  analogous  in  their  composition  to 
basic  hydrates,  but  differing  in  their  chemical  properties. 
The  simple  acid-forming  oxides  are  in  this  relation  called 
anhydrides,  i.e.  bodies  without  water.  Sulphuric  acid 
(H3SO4)  and  carbonic  anhydride  (CO,)  are  examples  of  an 
acid  hydrate  and  anhydride  respectively. 

These  acids  unite  with  bases  to  form  compounds  termed 
salts,  water  being  at  the  same  time  produced.  Salts  are 
neither  acid  nor  basic  in  character,  and  their  formation 
consists  in  the  replacement  of  the  hydrogen  of  the  acid  by 
the  metal  of  the  base,  the  hydrogen  thus  set  free  uniting 
with  the  oxygen  of  the  base  to  form  water.  The  salts  of 
the  acids  above  mentioned  are  denoted  by  changing  the 
teimination  "  ic  "  of  the  acid  into  "  ate,"  as  carbonate,  sul- 
phate, silicate ;  thus,  sulphuric  acid  and  magnesia  unite 
to  form  magnesium  sulphate  and  water.  In  this  case, 
sulphuric  acid  is  the  acid,  magnesia  is  the  base,  and  mag- 
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nesium  sulpliate  the  resulting  salt.  The  reaction  is  expressed 
graphically  thus : 

H,S04  +  MgO  =  MgSO,  +  H,0. 

Binary  compounds,  or  the  unions  of  two  elements  onlj, 
are  then  designated  by  the  termination  ide,  and  ternary 
compounds  or  unions,  of  at  least  three  elements,  are 
designated  by  the  termination  ate. 

Salts  can  also  be  formed  by  the  action  of  acid  anhydrides 
on  basic  hydrates ;  and  it  is  in  this  way  that  glass  and 
other  silicates  (salts  of  silicic  acid)  are  produced.  Thus,  if 
silica  is  heated  to  a  high  temperature  with  potash  or  soda, 
they  will  unite,  and  form  a  liquid  which,  on  being  cooled, 
solidifies  into  the  transparent  substance  known  as  glass. 
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Fig.  74. 


Fig.  76. 


The  silicates  of  alumina,  magnesia,  lime,  and  iron  are  the 
principal  constituents  of  one  class  of  rocks. 

Crystallography. — ^A  crystal  is  a  regular  geometrical 
solid,  the  external  form  of  which  is  dependent  on  its  inter- 
nal structure.  All  crystalline  bodies  are  so  symmetrically 
constructed  that  they  generally  have  a  tendency  to  split 
in  certain  directions,  and  this  splitting  is  called  crystalline 
cleavage.  The  surface  planes  of  crystals  have  definite 
relations  to  certain  imaginary  lines  called  cuses,  which  are 
assumed  to  int/ersect  in  the  centre  of  the  crystal,  and  the 
portions  of  these  lines  which  are  cut  off  by  the  surface 
planes  of  a  simple  crystal  are  called  pararneters.  Thus 
the  lines  which  would  touch  opposite  faces  of  a  cube  and 
intersect  one  another  are  parameters.  It  is  generally 
sufficient  to  select  three  of  these  symmetrical  axes  to 
express  the  ordinary  relations  of  length,  breadth,  and  thick- 
ness ;   but  sometimes  it  is  necessary  to  select  four  axes. 
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The  following  are  the  six  systems  of  crystallization  which 
are  ordinarily  adopted : — 

1.  Isometric  or  Cvbie  System. — Three  parameters,  all 
equal,  and  at  right  angles.  Examples :  The  cube,  with  six 
square  faces,  as  in  fluor  spar  (fig.  74)  ;  and  the  octahedron, 
with  its  sides  equilateral  triangles  (see  fig.  75). 

2.  Tetragonal  or  Pyramidal  System, — Three  parameters 


Fig.  77. 


Fig.  78. 


Fig.  79. 


at  right  angles,  but  only  two  of  them  equal.  Examples : 
The  rectangular  prism  oiv  a  square  base  (fig.  76)  ;  and  the 
octahedron,  with  its  sides  isosceles  triangles,  as  in  fig.  77. 
3.  Hexagonal  or  RKomhohedral  System. — Pour  para- 
meters, three  equal  and  crossing  each  other  at  angles  of 
60°  in  the  same  plane,  the  other  perpendicular  to  this  plane. 
Examples :  The  six-sided  prism  on  a  hexagonal  base  (see 
fig.  78),  or  terminated  by  a  six-sided  pyramid,  as  in  quartz. 


Fig.  80. 


Fig.  81. 


4.  Skomhic  or  Prismatic  System. — Three  unequal  para- 
meters at  right  angles.  Examples:  The  rhombic  prism 
{^%.  79),  and  the  rhombic  octahedron  (fig.  80). 

5.  The  Monoclinic  System. — Three  unequal  parameters, 
two  at  right  angles,  and  one  at  right  angles  to  one  only  of 
these.     Example :  The  oblique  rhombic  prism  (fig.  81). 

6.  Tnclinic  or  Anorthic  System. — ^Three  parameters,  all 
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unequal,  and  oblique  to  each  other.   Example :  The  doublj 
oblique  prism. 

The  diversity  of  forms  presented  by  natural  crystals  is 
almost  infinite;  but  they  may  all  be  referred  to  one  or 
another  of  these  systems,  and  may  be  actually  produced  by 
a  modification  of  one  of  the  typical  forms  above  mentioned. 
Thus,  in  the  first  system,  a  regular  octahedron  can  be  ob- 


Fig.  82. 


Fig.  83. 


Fig.  84. 


tained  from  a  cube  in  the  following  manner : — ^If  the  eight 
comers  of  a  cube  be  regularly  truncated,  or  cut  off,  as  in* 
dicated  in  fig.  82,  eight  new  faces  will  be  produced,  resulting 
in  fig.  83 ;  and  if  the  process  is  continued  by  cutting  away 
equal  portions  from  these  new  faces,  until  the  planes  meet 
or  touch  each  other,  the  regular  octahedron  will  be  deve- 
loped, as  shown  inside  fig.  84. 

Similarly,  other  varieties  of  form  may  be  produced  by 


Fig.  85. 


Fig.  86. 


Fig.  87. 


the  partial  or  complete  truncation  of  the  sides  of  a  cube  or 
octahedron.  Thus,  if  the  twelve  edges  of  an  octahedron  be 
truncated,  we  have  the  form  of  fig.  86 ;  and,  if  this  trunca- 
tion be  continued  till  the  planes  intersect,  it  will  result  in 
the  formation  of  a  r^ular  twelve-sided  figure,  called  the 
rhombic  dodecahedron  (fig.  86). 

But,  if  ihQ  eight  comers  or  angles  of  the  octahedron  are 
truncated,  the  cube  is  produced,  as  shown  in  fig.  87.   Thus, 
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all  three  forms  may  be  developed  from  each  other.;  and 
similar  relations  exist  between  the  forms  of  other  systems^ 

Twinning  of  CrystaU, — Crystals  are  frequently  found 
which  do  not  appear  to  belong  to  any  of  the  regular  types 
above  mentioned,  or  to  any  direct  modification  of  them^ 
They  are,  in  &ct,  compound  crystals,  that  is,  portions  of 
two  or  more  crystals  which  have  grown  together,  so  that 
each  one  is  imperfect.  An  ordinary  twin  crystal  consists 
of  two  haK-crystals  united  along  a  certain  plane,  but  in 
such  a  manner  that  their  crystalline  axes  and  faces  do  not 
correspond.  Such  a  dual  crystal  can  be  formed  by  cutting 
a  complete  crystal  in  half,  turning  both  haJves  half  round 
a  certain  axis  (i.e.  each  through  90*)  and  reimiting  them ; 
the  plane  along  which  they  are  reunited  is  called  the  com- 
position plane,  and  the  plane  parallel  to  the  axis  of  turning 
is  called  the  twinning  plane.  Some  form  an  angle  with 
each  other  like  a  knee-joint,  and  are  hence  called  genicular 
twins ;  and  double  genicukur  twins,  thus  composed  of  four 
half-crystals,  sometimes  form  perfect  crosses,  which  are 
characteristic  of  certain  minerals. 

Other  crystals  <;onsist  of  a  great  number  of  partially- 
formed  crystals  all  united  along  parallel  planes,  this  is 
termed  polysynthetic  twinning.  Such  repeated  twinning 
often  produces  a  striated  appearance  when  the  crystal  is 
broken  along  a  certain  plane  of  cleavage,  and  it  is  always 
visible  when  a  slice  of  the  crystal  is  viewed  under  a  micro- 
scope with  polarized  li^ht. 

Rock-fonning  Minerals. — We  now  proceed  to  de- 
scribe those  minerals  which  are  the  essential  constituents- 
of  rock-masses.  Of  the  simple  elementary  substances  men- 
tioned on  page  308,  two  only  are  ever  found  as  minerals,  viz.> 
carbon  and  sulphur.  The  latter  never  occurs  as  a  rock- 
constituent,  though  it  is  sometimes  rather  abimdant  near 
volcanoes ;  the  former  occurs  as  a  constituent  of  coaJ,  and 
as  graphite  in  schist  and  gneiss.  All  other  minerals  are  com- 
pound substances,  and  are  either  binary  or  ternary  combi- 
nations, which  may  be  classified  in  the  foUowing  manner: — 

Binary  compounds :  A.  Oxides,  chlorides,  fluorides. 

B.  Carbonates,   sulphates,   phos- 
Ternary  compounds  ■{  phates. 

C.  Silicates. 
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A, — Minerals  formed  of  Binary  Compounds, 

Silica,  when  pure  and  crystallized,  is  known  as  Quartz^ 
its  separate  crystals  being  often  called  rock-crystal,  and 
sometimes  Irish  diamond,  Bristol  diamond,  etc.  The 
specific  gravity  of  quartz  is  between  2*6  and  2*7.^  The 
'Crystals  belong  to  the  hexagonal  system,  their  most  usual 
form  being  a  six-sided  prism  terminated  by  six-sided  pyra- 
mids; they  are  sometimes  very  large,  and  sometimes  so 
minute  that  the  mineral  appears  to  be  a  compact  hard  stone, 
which  is  milk-white  when  pure.  Amethyst^  a^ate,  chalcedony, 
'Camelianf  onyx,  cafs-eye,  are  all  mere  varieties  of  quartz, 
stained  of  various  hues  by  slight  admixtures  of  iron,  man- 
ganese, or  other  colouring  matter. 

Jasper  and  Bloodstone  are  impure  forms,  rendered 
-opaque  by  the  presence  of  oxides  of  iron ;  jasper  is  gene- 
rally red,  and  bloodfitone  green  spotted  with  red. 

Opal  and  its  varieties  are  hydrated  and  non-crystalline 
forms  of  silica.  One  of  these  varieties,  called  hyalite, 
occurs  in  the  form  of  minute  globules  in  some  sedimentary 
rocks,  and  another,  called  menUite,  occurs  in  the  form  of 
'Concretionary  nodules,  like  the  flints  in  chalk.  The 
hydrated  form  of  silica  precipitated  from  thermal  waters 
is  called  sinter  or  geyserite;  its  mode  of  occurrence  has 
.already  been  described  on  p.  206.  The  specific  gravity  of 
opal  is  2 '2. 

Flint  and  Chert  appear  to  be  mixtures  of  opaline  and 
chalcedonic  silica  in  varying  proportions,  but  the  opaline 
element  is  often  obscured  by  the  crystallization  of  the 
chalcedony. 

When  quartz  occurs  in  an  igneous  rock  it  is  usually  a 
greyish,  semi-transparent,  glassy-looking,  irregularly  crys- 
talline  granule,  which  cannot  be  cut  or  scratched  by  even 
the  best  steel  knife,  and  has  no  definite  cleavage  planes. 

Oxide  of  Iron. — Two  oxides  of  iron  occur  as  minerals, 
the  peroxide  or  sesquioxide  (Fe^Ot),  and  the  less  highly 
oxidized  Pe304. 

*  The  Rpecific  gravity  of  a  substance  is  its  weight  compared  with 
that  of  the  same  oulk  of  pure  distilled  water  at  a  temperature  of 
v60"F. 
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HoBtnaiUe  (Fe,Oj)  is  red  or  black  in  colour,  but  always 
gives  a  blood-red  streak.  When  distinctly  crystallized  it 
is  called  specular  iron,  and  belongs  to  the  hexagonal 
system,  and  usually  occurs  in  thin  tabular  crystals,  or 
scales.  It  often  forms  fibrous  nodules,  but  many  of  the 
beds  and  nodules  of  red  iron  ore  which  occur  among  the 
stratified  rocks  have  residted  from  the  decomposition  of 
carbonate  of  iron  by  the  action  of  water,  and  haematite  is 
therefore  frequently  a  pseudomorph  of  chalybite. 

Limonite  is  a  hydrated  form  of  hsematite,  with  the  for< 
mula  2Fe20«,  3H,0,  and  generally  of  a  yellowish-brown 
colour.     TeUow  ochre  and  bog-iron  ore  are  varieties. 

Magnetite  (Fefi^),  so  called  from  its  magnetic  properties, 
is  usually  black  in  colour  and  streak,  and  crystallizes  in  the 
cubic  system,  generally  in  some  form  of  the  octahedron. 
It  is  frequently  met  with  in  igneous  rocks,  where  it  is  dis- 
seminated in  small  crystals,  cdways  black  and  opaque,  and 
presenting  square  or  triangular  sections  under  the  micro- 
scope. 

Ilmenite,  a  mixture  of  the  oxides  of  iron  and  titanium, 
crystallizes  in  rhombohedral  forms,  and  often  occurs  in  thin 
plates  or  tables,  the  outer  parts  of  which  are  frequently 
decomposed  into  a  greyish-white  substance  (Leucoxene). 

Iron  pyrites,  or  sulphide  of  iron  (FeS,),  crystallizes 
sometimes  in  the  isometric  and  sometimes  in  the  rhombic 
system ;  when  in  the  latter,  it  is  called  marcasite.  It  is 
generally  of  a  light  bronze  colour,  and  is  foimd  dissemi- 
nated in  rocks  of  many  kinds  and  all  ages.  In  igneous 
and  metamorphic  rocks,  it  occurs  in  small,  sparkling  cubic 
or  octahedral  crystals.  In  stratified  rocks,  the  marcasite  or 
rhombic  forms  are,  perhaps,  more  abundant,  especially  in 
dark  shales  and  clays.  According  to  Ebelmen,  pyrites  is 
always  formed  wherever  organic  matter  in  process  of  de- 
composition acts  on  the  sulphates  of  sea-water  in  the  pre- 
sence of  ferruginous  mud.  Thus  fossil  organisms  are  often 
found  coated  or  filled  with  iron  pyrites ;  and  the  radiated 
globular  nodules  of  marcasite  frequently  contain  some 
small  organic  nucleus. 

Rock  salt,  or  sodium  chloride  (NaCl),  crystallizes  in 
the  isometric  system,  and  generally  in  cubes;  it  is  white 
when  pure,  but  is  usually  coloured  red,  blue,  or  purple. 
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Bock  salt  occurs  in  extensive  beds,  whicli  are  sometimes  of 
great  thickness. 

Fluor  spar,  or  calcium  fluoride  (C.F,),  crystallizes  in 
the  isometric  system,  and  usually  in  cubes,  which  are  very 
variable  in  colour.  It  occurs  chiefly  in  veins,  and  can  hardly 
be  called  a  rock-constituent. 

B. — Carbonates  and  Sulphates. 

Calcite  or  calc-spar,  carbonate  of  lime  (CaCoa),  is, 
after  qnartz,  the  most  abundant  mineral  in  nature.  Crys- 
tallized in  the  rhombohedral  system,  with  a  specific  gravity 
of  2'7,  it  is  called  calcite;  but  it  also  forms  rhombic 
crystals,  and  is  then  known  as  aragonite,  which  is  harder 
and  heavier  but  more  easily  soluble  than  calcite.  Both 
effervesce  strongly  when  touched  with  hydrochloric  acid, 
and  this  is  therefore  the  usual  test  for  calcareous  matter  in 
a  rock.  Calc-spar  always  cleaves  readily  into  rhombo- 
hedrons ;  and  the  name  of  Iceland-spar  is  given  to  such  as 
are  clear,  and  are  consequently  used  to  exhibit  the  property 
of  double  refraction. 

Stalactites  and  stalagmites  are  formed  of  successive  con- 
centric films  precipitated  from  evaporating  water,  and  the 
radiating  crystalline  plates  which  traverse  these  concentric 
coats,  without  obliterating  them,  show  that  the  crystalliza- 
tion has  been  subsequent  to  their  formation.  Dolomite  ia 
a  compound  of  the  two  carbonates  of  lime  and  magnesia ; 
and  when  the  mixture  is  crystallized,  it  is  known  as  hiUer^ 
spar,  with  a  specific  gravity  of  2*85. 

Calcic  sulphate,  or  anhydrite  (CaSOJ,  is  better  known 
in  the  hydrated  form  of  Gypsum  (CaSO,,  2H0),  which 
usually  crystallizes  in  monochnic  prisms.  Gypsum,  when 
transparent,  is  called  selenite;  when  fibrous,  saiin^ar ; 
and  some  of  the  compact  varieties  are  popularly  called 
alabaster.  Gypsum  is  harder  than  calcite,  and  slow  to 
effervesce  with  acid.  It  is  only  found  in  sedimentary  rocksr, 
occurring  sometimes  in  veins  and  nodules,  and  sometimes  in 
beds  of  great  thickness,  associated  with  rock-salt.  Its  for- 
mation from  the  evaporation  of  sea- water  has  already  been 
noticed  (p.  247).  Crystals  of  selenite  are  abundant  in 
many  clays,  either  single,  or  in  radiating  groups. 
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Carbonate  of  Iron,  often  called  ChalyhUe  or  SiderUe,  is 
a  carbonate  of  the  protoxide  of  iron  (FeCO^),  and  is  another 
common  mineral.  It  occurs  crystallized  in  veins  and  beds 
among  crystalline  rocks  and  in  the  older  limestones,  having 
a  dull  yellow  or  brownish  colour,  and  a  pearly  lustre  on  the 
cleavage  faces.  In  an  earthy  state,  and  mixed  with  a  cer- 
tain amount  of  clay  or  silt,  it  forms  the  well-known  clay- 
ironstones  which  which  are  so  largely  worked  for  iron  ore. 
The  heavy  brown  nodules  and  septarian  stones  so  common 
in  clays  generally  consist  of  mixtures  of  the  carbonates  of 
iron  and  lime. 

Phosphate  of  Lime  is  generally  foundas  a  tribasic  salt, 
with  the  formula  of  Ca3P04.  When  crystallized,  it  is  called 
apatite,  and  occurs  in  six-sided  prisms  or  tables,  belonging 
to  the  hexagonal  system.  Small  crystals  are  not  unf  requent 
in  igneous  and  metamorphic  rocks.  It  is  also  found  mas- 
sive, forming  beds  several  feet  thick. 

The  phospate  nodules,  so  frequently  found  in  stratified 
clays  and  marls,  contain  from  30  to  60  per  cent,  of  tribasic 
phosphate  of  lime,  mixed  with  carbonate  of  lime  and  other 
earthy  materials. 

C. — Silicates. 
1.  TAe  Felspar  Oroup. 

The  Felspars  play  a  very  important  role  in  the  consti- 
tution of  rocks.  They  all  consist  of  silicate  of  alumina, 
combined  with  the  silicates  of  potash,  soda,  or  lime.  The 
names  of  the  most  important  Felspars  are  given  in  the  fol- 
lowing table,  together  with  their  average  composition : — 


Silica. 

Alnmiaft. 

Potoah. 

Bod.. 

Lime. 

Sp.  OraTity. 

Orthoclase    . 

64-6 

18*4 

16-9 

_ 

_ 

2-55 

Microcline    . 

64*3 

19-6 

15-6 

— . 

— 

2-54 

Albite.    .    . 

68-6 

19-5 

-.- 

11-8 

— 

2-62 

Oliffoclase     . 
Anaesine .    . 

62- 1 

23-7 

^— 

10-2 

4-0 

2-64 

59-7 

25*6 

— 

7-7 

7-0 

2-66— 2-69 

Labradorite  . 

52-9 

30-3 

— 

4-5 

12-3 

2-68— 2-74 

Anorthite     . 

431 

36-8 

*""- 

•^ 

201 

2-75 
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Ortlioclase  and  Microcline  are,  therefore,  Potash  Felspars ; 
Albite  is  a  Soda  Felspar ;  Oligoclase  and  Andesine  are  Soda- 
Lime  Felspars ;  Labradorite  is  a  Lime-Soda  Felspar ;  Anor- 
thite  is  a  Lime  Felspar.  The  first  two  are  the  lightest,  and 
the  last  is  the  heaviest.  One  only  (Orthoclase)  crystallizes 
in  the  Monoclinic  system,  all  the  others  belonging  to  the  Tri- 
clinic  system ;  hence  the  group  is  sometimes  diyided  into  the 
Orthoclastic  and  the  Plagioclastic  Felspars.  It  has  been 
supposed  by  some  that  Oligoclase,  Andesine,  and  Labra- 
dorite are  not  distinct  species,  but  mixtures  of  Albite  and 
Anoi-thite  in  varying  proportions. 

Orthoclase  Felspar  generally  occurs  as  a  translucent,  or 
semi-opaque,  mineral,  of  a  white  or  flesh-red  colour,  in 
monoclinic  crystals  of  an  oblong  shape,  which  are  frequently 
twinned.  When  transparent,  with  a  pearly  opalescence,  it 
is  called  Adtdaria ;  Sanidine  is  a  similar  transparent  and 
glassy  variety,  forming  crystals  of  a  tabular  shape,  and 
chiefly  occurring  in  volcanic  rocks. 

Microcline  is  closely  allied  to  Orthoclase,  even  the  external 
crystalline  form  being  similar,  though  it  is  really  triclinie, 
and  exhibits  polysynthetic  twinning.  Under  a  microscope 
and  with  polarized  light  flne  bands  are  visible,  which  cross 
one  another  and  produce  a  characteristic  pattern. 

Flagioclase  Felspars  of  the  Soda-Lime  series  generally 
form  long  and  narrow  crystals,  with  a  bright  shining  sur- 
face, and  are  usually  white  or  greenish  grey.  Under  the 
microscope,  they  may  generally  be  distinguished  from 
Orthoclase  by  the  presence  of  fine  parallel  striae  (due  to  re- 
peated twinning)  along  some  of  the  planes  of  cleavage. 
These  are  never  seen  in  Orthoclase. 

Albite  is  generally  white,  sometimes  clear  and  sometimes 
dulled  by  partial  kaolinization.  It  occurs  separately  in 
some  gniiites.  but  more  often  in  bands,  as  in  Perthite,  or  in 
zones  round  orthoclase. 

Oligoclase  and  Andesine  are  usually  whitish  minerals, 
with  a  more  or  less  vitreous  lustre.  They  are  generally 
composed  of  a  number  of  long  twinned  crystals,  which  cause 
a  well-marked  parallel  striation. 

Labradorite  is  the  commonest  Triclinic  Felspar,  and  forms 
masses  of  long  twinned  crystals,  like  those  of  Oligoclase ; 
but  usually  grey,  green,  or  brownish  in  colour,  with  a 
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vitreous  or  pearly  lustre.  Labradorite  is  slightly  soluble 
in  hydrochloric  acid;  but,  under  the  microscope,  it  is. 
difficult  to  distinguish  it  from  Oligoclase,  though  the 
former  often  exhibits  a  number  of  fine  parallel  lines,  which, 
cut  obliquely  across  the  stripes  of  colour  seen  by  polarized 
light. 

Anorthite  is  a  much  rarer  species,  though  it  sometimes, 
occurs  in  volcanic  rocks,  such  as  the  Yesuvian  lavas.  Being* 
a  very  low  silicated  Felspar,  it  is  soluble  in  hydrochloric 
acid  with  evolution  of  free  silica. 

Nepheline  and  Leucite  are  light-coloured  minerala 
closely  related  to  the  Felspars,  but  crystallizing  in  different 
forms.  The  one  occurs  in  rather  stumpy  six-sided  prisms,, 
and  the  other  in  icosi-tetrahedrons  or  solids  with  twenty- 
four  faces.  Nepheline  is  essentially  a  silicate  of  alumina 
and  soda  with  a  little  potash,  while  Leucite  is  a  silicate  of 
alumina  and  potash.  Nepheline  has  a  specific  gravity  of 
2'6  ;  while  that  of  Leucite  is  2'5.  Leucite  is  common  in 
the  lavas  of  Vesuvius,  but  has  not  been  found  in  England,, 
and  Nepheline  only  in  the  rock  called  Phonolite. 

2.  The  Mica  Oroup, 

The  Micas  are  a  group  of  minerals  which  vary  much 
in  composition,  but  have  several  properties  in  common. 
The  crystals,  whether  belonging  to  the  monoclinic  or  hexa- 
gonal system,  split  readily  into  very  thin  flexible  plates,, 
which  have  a  bright  pearly  lustre  and  are  more  or  les& 
transparent.  They  are  composed  of  a  mixture  of  silicate  of 
alumina  with  silicates  of  potash,  magnesia  or  lithia,  and 
some  iron.  They  are  rather  heavy  minerals,  their  specific- 
gravity  being  from  2*75  to  3*2,  and  therefore  heavier  than 
the  Felspars.  They  vary  in  their  degree  of  fusibility,  but 
are  all  easily  scratched  with  a  knife. 

Muscovite,  or  Potash  Mica,  usually  occurs  in  six-sided 
tabular  crystals  of  a  grey  greenish  or  yellowish  colour.  It 
is  very  clear  and  transparent,  and  often  forms  large  foliated 
masses,  the  separate  plates  of  which  are  used  instead  of 
window  glass  in  Siberia  and  elsewhere.  Commercially  it  is 
known  as  talc,  and  is  used  for  lamp-shades,  etc.,  but  the 
true  talc  is  a  different  mineral.    Muscovite  is  very  liable  to 
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lijdration,  and  then  passes  into  the  white  silverj-loolnng 
Tariety  called  Margarodite.  Sericite  is  another  hjdrated 
mica,  silveiy- white  or  pale  green,  which  occurs  chiefly  in 
certain  metamorphic  rocks. 

Lepidolite,  or  Lithia  Mica,  may  be  regarded  as  Muscovite 
in  which  the  potash  is  partially  replaced  by  lithia.  Its 
physical  properties  are  similar  and  its  crystaUine  form  the 
same,  but  it  is  usually  rose-red  or  violet  in  colour,  and 
commonly  forms  granular  masses  consisting  of  numerous 
scales  or  folia. 

Bioiite,  or  Black  Mica,  is  a  silicate  of  alumina,  magnesia, 
potash,  and  iron,  generally  dark  green  or  black.  Lepido- 
melane  is  a  variety  with  less  alumina  and  magnesia,  and 
more  iron.  It  is  found  in  some  Irish  and  Cornish  granites, 
-and  its  colour  is  black. 

8.  Hornblende  and  Pyroxene  Qrotip, 

Hornblende  and  Augite. — Under  these  names  are  in- 
•cluded  a  number  of  heavy  {minerals  which  are  closely 
related  to  one  another,  their  essential  composition  being  a 
double  silicate  of  magnesia  and  lime,  the  bases  being  often 
more  or  less  replaced  by  iron  or  manganese.  Alumina  is 
often  present  They  all  crystallize  in  the  monodinic  system. 

Common  Hornblende  is  a  dark  green  or  greenish  black 
mineral  usually  occurring  in  long  prisms.  Its  specific 
gravity  varies  from  3  to  3*47.  The  crystals  frequently 
have  a  fibrous  structure  and  a  silky  lustre,  with  external 
angles  of  about  60°  and  120**,  properties  which  serve  to 
distinguish  them  from  crystals  of  Augite. 

Augite  generally  occurs  in  short  stout  prisms,  with 
external  angles  which  are  nearly  at  right  angles  to  one 
another.  The  crystals  are  usually  black  or  brown,  but 
there  are  whitish  and  green  varieties,  known  respectively  by 
the  names  of  Diopside  and  SaJdite.  Its  specific  gravity  is 
from  3-3  to  35. 

Pyroxene  is  another  name  for  Augite,  and  Amphibole  for 
Hornblende.  There  is  good  reason  for  supposing  that  they 
are  identical  minerals  crystallized  under  different  circum- 
stances. Augite  has  been  artificially  formed  in  slags  which 
cooled  rapidly.    Hornblende  has  never  been  so  obtained. 
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and  always  occurs  in  rocks  which  must  have  cooled  slowly. 
Hornblende  has  been  observed  in  the  thicker  parts  of  a  vein 
of  lava  exposed  in  the  Yal  del  Bove,  Etna,  while  Augite 
occurs  in  the  thinner  parts  of  the  same  yein.  Lastly, 
there  is  a  mineral  called  Uralite,  which  has  the  outward 
form  of  Augite,  but  the  cleavage  and  structure  of  Horn- 
blende, and  Augite  can  be  observed  under  the  microscope 
in  various  stages  of  change  into  Hornblende. 

Biallage  is  a  variety  of  augite,  with  a  peculiar  cleavage, 
and  generally  having  a  pearly  grey  or  brownish  lustre ; 
Tremolite^  Actinolite,  and  Aebesioe,  are  more  or  less  fibrous 
varieties  of  Hornblende,  containing  little  or  no  alumina. 

Hyperethenef  EnstatUe,  and  Bronzite  are  closely  allied 
minerals,  but  differ  in  not  containing  lime,  and  in  crystal- 
lizing in  the  rhombic  system.  They  are  aU  silicates  of 
magnesia  and  iron:  the  first  two  are  generally  of  a  dark 
greyish  brown  colour ;  the  last  is  a  dark  yellow  or  brown 
with  a  bronze-like  lustre,  and  has  much  resemblance  to 
Diallage.     Its  specific  gravity  is  from  3*1  to  3'3. 

The  following  are  average  analyses  of  some  of  the  above 
minerals,  but  the  proportions  are  not  always  the  same : — 


Dark 
Hornblende. 

Actinolite. 

Augite 
(Diopside). 

Bronxite. 

Silica 

Magnesia    .    .    . 

Lime 

Alumina     .     .     . 
Iron  ..... 

46 
16 
13 
12 
12 

56 
24 
13 

7 

61 
14 
21 
1 
12 

56 
30 

2 
12 

4.  Peridote  Qrowp. 

Peridote  is  a  silicate  of  magnesia  and  iron,  and  is, 
therefore,  chemically  related  to  hypersthene  and  bronzite, 
but  it  contains  much  less  silica,  so  that  the  relative  propor- 
tions of  silica  and  magnesia  are  generally  nearly  the  same. 
It  crystallizes  in  the  rhombic  system,  and  when  found  in 
transparent  rhombic  prisms  it  is  often  called  Chrysolite, 
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but  it  is  much  more  abundant  in  the  form  of  grains  or 
granular  lumps  of  an  olive  or  yellowish  green  colour ;  it  is 
then  known  as  Olivine,  and  is  of  frequent  occurrence  in 
certain  igneous  rocks,  sometimes  in  such  quantity  as  to  be 
the  chief  constituent  of  the  rocks  called  Peridotites. 

Serpentine  is  a  hydrated  silicate  of  magnesia  and  iron ; 
it  is  generally  compact  and  massive,  of  a  dark  green  colour, 
and  is  greasy  to  the  touch ;  but  it  varies  much  in  colour, 
and  is  sometimes  yellow,  brown,  red,  or  black,  from  the 
presence  of  iron  oxides.  Serpentine,  like  steatite,  results 
from  the  decomposition  of  magnesian  minerals,  such  as 
OHvine  aiid  Bronzite,  and  gives  its  name  to  a  particular 
kind  of  rock,  which  is  almost  entirely  composed  of  it. 

The  average  general  composition  of  Olivine  and  Ser- 
pentine is  given  below  for  the  purpose  of  comparison : — 


Olivine. 

Serpentine. 

SiHca 

Magnesia 

Oxides  of  iron .... 
Combined  water  .     .    . 

40-2 
41-7 
181 

38-5 
38-5 
10-2 
12-8 

5.  Silicates  which  generally  occur  as  Secondary  or  Accessory 

Minerals. 

Andalusite  is  essentially  a  silicate  of  alumina,  .though 
it  is  seldom  quite  pure.  It  crystallizes  in  the  rhombic  system, 
and  the  larger  crystals  are  often  encrusted  with  and  pene- 
trated by  scales  of  mica,  which  may  be  a  product  of  its 
decomposition.  The  variety  ChiastolUe,  so  called  from 
the  cruciform  markings  in  the  interior  of  the  crystab,  is 
usually  met  with  in  slates  which  have  been  partly  meta- 
morphosed by  contact  with,  or  proximity  to,  igneous  rock. 
Cyanite  is  a  ptire  silicate  of  alumina  generally  of  a  pale 
blue  colour. 

Staurolite  is  another  alteration  product,  crystallizing 
in  rhombic  prisms  which  are  frequently  double  genicular 
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twins,  forming  a  cross,  whence  its  name.  It  consists  of  the 
silicates  of  alumina  and  iron. 

Garnets  consist  of  silicate  of  alumina  with  a  silicate  of 
8ome  other  base,  such  as  lime,  magnesia,  iron,  and  man- 
ganese. The  percentage  of  silica  is  always  from  35  to  40, 
and  all  the  varieties  crystallize  in  the  cubic  system,  and 
usually  in  rhombic  dodecahedrons.  They  are  generally  of 
a  dark  colour,  red,  brown,  or  black,  and  are  of  common 
occurrence  in  metamorphic  and  intrusive  igneous  rocks. 
Idocrase  has  a  nearly  similar  composition,  but  crystallizes 
in  tetragonal  forms,  is  usually  hghter  in  colour,  light  brown, 
yellow,  or  greenish  white. 

Epidote  is  a  silicate  of  alumina,  lime,  and  iron;  it 
•crystallizes  in  the  monoclinic  syst<em,  and  usually  forms 
long  blade-Uke  crystals  in  radiating  groups  or  nests  of  a 
light  green  colour.    It  is  essentially  an  alteration  product. 

Hauyne  and  Nosean  are  substantially  silicates  of 
alumina  and  soda,  with  some  sulphate  of  lime  or  soda; 
and  are  related  to  the  garnets.  The  first  is  usually  of  a 
bright  blue  colour,  and  the  second  of  a  yellowish  grey. 

Tourmaline,  or  Schorl,  may  be  regarded  as  a  combi- 
nation of  a  silicate  of  alumina  and  iron  with  a  borate. 
The  chemical  composition  is  variable,  but  it  generally  con- 
tains :  silica,  40  per  cent. ;  alumina,  30  to  40  per  cent. ; 
boracic  acid,  3  to  4  per  cent. ;  with  peroxide  and  protoxide 
of  iron,  and  protoxide  of  magnesia.  In  colour  it  is  greenish 
or  reddish-black,  and  somewhat  resembles  hornblende,  but 
may  be  distinguished  by  its  more  resinous  fracture,  the 
Absence  of  distinct  cleavage,  and  its  greater  hardness. 

Chlorite  appears  to  be  a  hydrated  silicate  of  magnesia 
and  alumina,  part  of  the  latter  being  replaced  by  ferrous 
oxide ;  like  all  products  of  alteration,  its  chemical  compo- 
sition varies,  and,  like  mica,  it  is  the  name  of  a  group 
rather  than  of  a  single  mineral;  it  generally  occurs  in 
«arthy  or  scaly  granules  of  a  leek-green  colour ;  sometimes 
it  forms  fibrous  radiating  crystals. 

The  Zeolites  are  hydrated  double  silicates  having 
many  varieties,  to  which  separate  names  are  given ;  most 
of  them  consist  of  sUicate  of  alumina  with  silicates  of 
lime,  soda,  or  potash.  They  are,  therefore,  closely  related 
io  the  Felspars,  and  may  indeed  be  regarded  as  hydrated 
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varieties  of  the  Pelspar  group.  The  name  Zeolite  is 
derived  from  their  intumescence  or  boiling  up  under  the 
blow-pipe  as  the  water  is  driven  off.  Mesotype,  Prehnite* 
Ghabasite,  Analcime,  Stilbite,  and  Thomsonite  are  amon^ 
those  most  frequently  met  with. 

Glauconite  is  a  hjdrated  silicate  of  iron,  alumina,  and 
potash,  of  a  dull  green  colour ;  it  is  found  in  cavities  of 
igneous  rocks  as  a  result  of  decomposition,  and  also  occurs 
in  the  form  of  loose  grains  in  marls  and  sandstones. 

Glauconite  grains  are  of  frequent  occurrence  in  rocks  of 
all  ages,  and  certain  beds  called  Greensand  consist  of  sandj 
or  marlj  matter  in  which  so  many  glauconite  grains  are 
distributed  as  to  impart  a  green  colour  to  the  mass. 
Ehrenberg  long  ago  demonstrated  that  most  of  these 
g^ns  were  casts  of  Foraminif  era,  and  this  is  confirmed 
by  the  observations  above  mentioned.  It  is  possible  that 
some  of  the  larger  and  more  irregularly-shaped  grains  may 
be  fragments  of  the  casts  formed  in  larger  shells,  such  as 
some  of  the  Pteropodous  Mollusca ;  these  shells  always 
accompany  those  of  the  Foraminif  era  on  the  ocean  bottom, 
and  their  casts  in  green  earth  have  likewise  been  met 
with. 

Mr.  Sorby,  in  the  course  of  his  microscopical  investiga- 
tions, has  found  glauconite  in  the  cells  of  Foraminifera, 
in  the  hollow  spaces  in  the  tissue  of  corals  and  Echino- 
derms,  in  holes  bored  into  shells,  and,  in  .fact,  in  all  kinds 
of  cavities.  Sometimes  it  occurs  in  the  form  of  rounded 
grains  or  angular  fragments  which  seem  to  have  been 
formed  elsewhere  and  drifted  as  sand  into  their  present 
position. 

Talc  is  a  hydrated  silicate  of  magnesia,  and  its  per- 
centage composition  is  generally  as  below : — 

SiUca  -         60  to  62. 

Magnesia  »         80  to  83. 

Water  «  1  to    7. 

When  crystallized  it  is  ortho-rhombic,  but  it  usually  occurs 
in  a  massive  condition,  splitting  into  thin  laminsd,  which 
are  flexible,  but  not  elastic  as  &e  plates  of  mica  are.  In 
colour  it  varies  from  white  to  apple-green.    Sieaixte  or 
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Soapstone  is  a  coarse  earthj  variety  of  talc,  usually  of  a  dull 
white  or  yellowisli  colour,  and  always  found  in  a  massive 
form.  Both  talc  and  steatite  have  a  soft  soapy  feel. 
MeeracTiaum  is  a  silicate  of  similar  composition. 

Pseudomorphs. — Pseudomorphism  is  the  occurrence 
of  one  mineral  in  the  crystalline  form  of  another  mineral. 
This  may  take  place  either  by  alteration  or  substitution. 
In  the  one  case,  the  first  mineral  has  been  gradually 
changed  into  another  by  the  addition  or  exchange  of  con- 
stituents. In  the  second  case,  the  new  mineral  is  formed 
by  the  gradual  replacement  of  the  first  mineral  particle  by 
particle.  Both  processes  are  accomplished  by  the  action  of 
carbonated  water,  containing  solutions  of  various  minerals 
obtained  from  the  rocks  through  which  it  has  percolated. 
Penetrating  deeply  into  the  earth,  acquiring  a  higher  tem- 
perature, and  helped  by  pressure,  such  water  becomes  an 
active  agent  in  altering  the  constitution  of  minerals  and 
rocks. 

Some  of  these  changes  have  been  imitated  in  the  labo- 
ratory of  the  chemist.  Thus  "  Stein  converted  a  crystal 
of  gypsum  (sulphate  of  lime)  into  carbonate  of  lime  by 
leaving  it  for  several  weeks  in  a  solution  of  carbonate  of 
soda  at  a  temperature  of  122'*  F."  ^  The  sulphuric  acid  of 
the  gypsum  tmited  with  the  soda  to  form  sulphate  of  soda, 
which  was  dissolved  and  carried  away  by  the  water,  while 
the  lime  united  with  the  carbonic  acid,  and  remained  in  the 
crystalline  form  of  gypsum.  The  result  is  only  attainable 
under  certain  conditions,  of  which  the  most  essential  is 
slow  action,  otherwise  the  original  form  is  lost ;  but  these 
conditions  are  eminently  fulfilled  in  all  natural  operations. 
Again,  Calcite  is  frequently  found  as  a  pseudomorph  after 
other  minerals. 

The  process  by  which  such  pseudomorphs  are  produced 
is  a  very  important  one,  since  it  is  precisely  that  of  jpeM- 
f action,  or  the  mode  in  which  organic  forms  are  mineralized, 
and  their  external  form,  with  more  or  less  of  their  internal 
fitructure,  preserved  for  our  examination. 

^  Bischof,  "Chemical  Geology,**  vol.  L  chap.  ii. 
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CLASSIFICATION    OF  BOCKS. 

MEANING  of  the  word  Rock.— Before  attempt- 
ing to  classify  the  yarious  kinds  of  rocks  wliich 
enter  into  the  composition  of  the  earth's  crust,  it  is  neces- 
sary in  the  first  place  to  understand  what  geologists  mean 
by  the  term  rock.  In  ordinary  language  a  rock  means 
a  hard  and  massive  stone,  but  geologists  know  that  the 
character  of  hardness  is  an  accidental  one.  The  very  same 
beds  of  limestone  may  be  soft  chalk  in  one  place  and  hard 
marble  in  another.  The  same  beds  of  clay  may  be  harder 
than  the  hardest  brick  in  one  place,  and  soft  enough  to 
mould  into  bricks  in  another ;  and  a  sandstone  which  is 
hard  grit  in  one  part,  in  another  be  dug  out  with  a  spade. 
Geologists  apply  the  word  "rock,"  then,  as  a  general 
term  to  any  considerable  mass  of  mineral  matter,  whether 
hard  or  soft,  or  whatever  may  be  its  form  or  character, 
provided  it  be  of  sufficient  importance  to  be  spoken  of  as  a 
constituent  part  of  the  crust  of  the  earth. 

A  rock,  therefore,  may  be  defined  as  a  mass  of  mineral 
matter,  consisting  of  numerous  crystalline  or  fragmentary 
particles  which  may  belong  to  one  or  several  different  kinds 
of  minerals,  and  which  may  be  loosely  coherent  or  firmly 
compacted  together. 

Texture  and  Structure  of  Rocks. — Every  kind  of 
rock  possesses  a  special  structure  and  texture ;  its  struc* 
tnre  depending  on  the  nature  and  character  of  its  compo- 
nent particles,  its  texture  on  the  comparative  size  of  these 
particles,  and  the  manner  in  which  they  are  arranged. 
These  qualities  of  a  rock  can  be  determined  from  small 
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samples  or  band  specimens,  and  the  study  of  them  is  a 
part  of  Mineralogy  or  Lithology. 

When  rocks  are  considered  as  rock-masses,  and  studied 
in  their  natural  positions,  other  points  of  difference  present 
themselves  ;  the  manner  in  which  they  occur,  and  the  shape 
of  the  layers,  blocks,  or  masses  into  which  they  split,  are 
found  to  depend  largely  on  the  manner  in  which  they  have 
been  formed  and  the  materials  of  which  they  consist.  The 
study  of  these  relationships  is  that  of  Field  Geology  or 
Geognosy. 

Lrithological  Classification  of  Rocks. — Itisevident, 
then,  that  rocks  may  be  classified  either  according  to  their 
internal  structure  or  their  external  relations.  Let  us,  in  the 
first  place,  see  to  what  conclusions  a  lithological  arrange- 
ment would  lead  us.  The  words  in  which  we  have  defined 
a  rock  suggest  a  primary  lithological  difference,  whereby 
all  rocks  may  be  divided  into  two  classes.  Some  are  com- 
posed of  definite  crystalline  particles,  which,  if  not  perfect 
crystals,  yet  possess  some  of  the  external  faces  and  angles 
of  perfect  crystals,  and  have  clearly  been  formed  in  the 
position  which  they  now  occupy.  With  these  may  be 
grouped  certain  rocks  which  consist  partially  or  wholly  of 
a  glassy  substance.  Other  rocks  consist  of  a  congeries  of 
particles  which  have  not  grown  together,  but  are  fragments 
which  have  been  broken  off  their  parent  masses  and  brought 
together  by  some  external  agency ;  their  coherence  being 
caused  either  by  mechanical  compression  or  by  a  cement 
of  some  other  substance. 

By  these  lithological  differences,  therefore,  rocks  may  be 
primarily  distinguished  into :  1,  Crystalline ;  2,  Frag- 
mentary. 

Crystalline  BocJcs, — "  All  crystals  are  built  up  by  the 
successive  external  addition  of  minute  crystalline  particles. 
It  is  clear,  then,  that  these  particles  must  have  been  free 
to  move  and  arrange  themselves  ;  in  other  words,  they  must 
have  been  the  result  either  of  solution  in  water  or  other 
liquids,  or  of  fusion  by  heat.  Whenever,  then,  we  find  a 
crystal  or  a  mineral  particle  that  has  an  internal  crystalline 
structure,  we  may  feel  assured  that  this  structure  has  been 
produced  either  by  solution  or  fusion ;  in  other  words,  that 
the  crystal  has  been  either  dissolved  or  melted.     But  if 


328  STRUCTURAL  GEOLOGY.  [PAET  II. 

this  be  true  as  regards  individual  crystals,  or  crystalline 
particles,  it  must  also  be  true  of  rocks  that  are  made  up  of 
such  crystals  or  particles."  * 

It  has  been  already  stated  (see  p.  85)  that  some  minerals 
are  soluble  in  water  containing  carbonic  acid,  and  that 
under  certain  circumstances  they  may  be  deposited  directly 
from  such  chemical  solution.  Other  minerals,  again,  such 
as  those  which  compose  volcanic  rocks,  though  practically 
insoluble  in  water,  can  be  made  fluid  by  the  influence  of 
heat.  If  then  rapidly  cooled  they  solidify  into  a  glass,  if 
slowly  they  form  a  crystalline  mass.  Crystalline  rocks 
therefore  are  all  chemically-formed,  and  are  divisible  into 
two  sections :  a,  Aqueous  crystalline  rocks,  and,  h,  Igneous 
crystalline  rocks. 

2.  Fragmentary  Bocks. — These  consist  of  particles  which 
have  been  derived  from  the  disintegration  and  detrition  of 
pre-existent  rocks,  or  from  the  decay  and  disintegration  of 
organic  bodies.  They  may  be  divided  into  two  groups  or  sec- 
tions, according  to  the  manner  of  their  formation,  viz. :  a.  Me- 
chanically-formed rocks ;  and  h.  Organically-formed  rocks. 

The  particles  of  mechanically-formed  rocks  bear  evident 
marks  of  mechanical  fracture  and  attrition,  most  of  them 
having  been  more  or  less  rounded  and  worn  by  currents  of 
water  or  of  wind,  From  the  broken,  chipped,  and  rounded 
aspect  of  their  component  particles,  such  rocks  are  often 
termed  Clastic,  from  icXaoroc,  broken.  This  detritive  and 
f  ragmental  origin  is  very  clear  in  the  case  of  such  rocks  a^ 
are  chiefly  made  up  of  pebbles  or  rounded  fragments  of 
other  rocks,  and  is  hardly  less  obvious  in  the  case  of  sand 
and  sandstones.  Even  igneous  rocks  have  their  mechanical 
accompaniments,  in  the  shape  of  the  dust,  ashes,  and  frag- 
ments ejected  from  volcanic  craters,  and  these  may  be 
compacted  into  solid  rocks,  whether  they  fall  on  the  land 
or  into  the  water. 

The  organically-derived  rocks  are  wholly  or  in  great 
part  composed  of  fragments  of  the  hard  structures  secreted 
by  certain  plants  and  animals,  and  the  manner  of  their 
formation  has  already  been  fully  described.  The  frag- 
ments may  be  little  altered  from  their  original  condition, 

'  Jukes*  *' Manual  of  Geology,"  second  edition,  p.  50. 
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or  else  they  may  be  greatly  altered  and  partly  mineralized. 
In  the  latter  case  tiiey  become  allied  to  the  aqueously- 
formed  ciystaUine  rocks. 

A  lithological  arrangement  of  rocks  therefore  results  in 
our  making  four  groups,  thus : — 

^    ri     X  IT  (  o>»  Aqueous. 

1.  Crystalline.    |  j  j^^^ 

2.  Clastic  or        (  a.  Mechanical. 
Fragmental.   (    h.  Organic. 

This,  however,  is  not  quite  satisfactory,  for  it  classes  to- 
gether aqueous  and  igneous  rocks,  and  separates  the 
chemically-formed  aqueous  rocks  from  their  closely  allied 
neighbours  of  organic  origin.  It  is  evidently,  then,  desir- 
able that  we  should  ascertain  whether  rocks  do  not  ex- 
hibit some  differences  which  are  more  closely  in  relation 
to  the  conditions  under  which  they  have  been  formed. 

Tectonic  Classification  of  Rocks. — Bocks  may  be 
classified  by  the  differences  in  the  tectonic  structure,  or 
the  manner  in  which  they  are  built  up  into  rock-masses. 
Those  which  have  been  deposited  as  sediments  on  the 
bottoms  of  seas,  lakes,  and  rivers,  are  arranged  in  regular 
layers,  beds,  or  strata.  Those  rocks,  on  the  contrary,  which 
have  consolidated  from  a  state  of  igneous  fusion  are 
always  unstratified  and  massive  in  their  structure.  Hence 
we  have  a  primary  distinction  into  Stratified  and  Unetratified 
rocks,  and  it  will  also  be  found  that  most  of  the  stratified 
rocks  are  fragmental  (and  derivative),  while  most  of  the 
unstratified  rocks  are  crystalline. 

Certain  rocks  will,  however,  be  met  with,  which  present 
a  combination  of  these  characters,  possessing  a  more  or 
less  crystalline  texture,  yet  often  showing  signs  of  having 
once  been  arranged  in  regular  strata.  Other  rocks  exhibit 
a  peculiar  fissile  structure,  which  causes  them  to  split 
along  planes  which  are  more  or  less  oblique  to  the  planes 
of  bedding.  It  is  natural,  therefore,  to  conclude  that  such 
rocks  have  undergone  a  considerable  amount  of  alteration 
since  the  period  of  their  original  formation,  and  that  new 
structures  have  been  superinduced  upon  that  of  stratifica- 
tion. This  kind  of  alteration  is  called  Metamorphism,  and 
the  rocks  so  affected  are  called  Metamorphic  rocks. 


330  STRUCTURAL  GEOLOGY.  [PABT  II. 

A  tectonic  classification  therefore,  founded  upon  the 
structural  differences  of  rock-masses,  is  a  more  natural  and 
convenient  system  of  arrangement  than  that  based  upon 
their  textural  and  mineralogical  composition.  It  suggests 
a  twofold  division  into — 1.  Stratified  rocks ;  2.  XJnstrati- 
fied  rocks,  each  of  these  primary  groups  having  a  sub- 
group of  Metamorphic  rocks. 

Genetic  Classification  of  Rocks. — ^Another  basis  for 
the  classification  of  rocks  may  be  found  in  a  primary  dis- 
tinction between  (a)  rocks  which  have  been  found  on  the 
surface  of  the  globe  by  means  of  the  various  agencies  which 
have  been  described  in  Fart  I.,  and  (b)  rocks  which  were 
part  of  the  liquid  magma  underlying  the  earth's  crust,  and 
have  therefore  been  brought  up  from  below  that  crust. 

It  is  clear,  too,  that  all  the  rocks  which  were  formed  on 
the  surface  during  any  given  period  of  time,  must  have 
been  derived  from  the  rocks  which  existed  before  that 
time;  and  that  these  must  have  been  either  Igneous 
rocks,  or  older  stratified  and  Clastic  rocks.  It  is  true 
that  fresh  supplies  of  Igneous  rock  have  been  brought  up 
from  time  to  time,  but  the  amount  of  such  material 
erupted  during  any  one  period  has  never  been  so  gi'eat  as 
the  amount  of  sedimentary  rock  formed  during  that  period. 
Hence  in  each  succeeding  period  of  geological  time  the 
quantity  of  derived  and  stratified  rock  must  have  increased ; 
and  inversely,  during  the  earlier  portion  of  the  earth's  his- 
tory the  amount  of  sedimentary  rock  on  the  crust  must 
have  been  much  less  than  at  present.  Finally,  we  may 
carry  bur  imagination  back  to  a  time  when  the  physical 
conditions  were  very  different  to  those  now  existing,  when 
very  little  stratified  rock  had  been  formed,  and  when  most 
of  the  rock  at  the  surface  was  such  as  had  consolidated 
from  a  state  of  igneous  fusion. 

From  this  point  of  view  we  may  regard  the  Igneous 
rocks  as  parts  of  the  original  magma  from  which  the  crust 
was  formed,  and  all  other  as  having  been  ultimately  derived 
from  portions  of  that  magma ;  so  that  all  rocks  may  be 
classed  as  either  Original  or  Derivative, 

Furthermore,  it  is  obvious  that  in  the  lapse  of  time  the 
structures  and  component  minerals  of  the  members  of  both 
these  great  divisions  must  be  more  or  less  changed  by  the 
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influence  of  the  various  agencies  to  which  they  have  been 
subjected ;  especially  if  in  the  course  of  their  history  thej 
have  been  covered  up  by  thick  layers  of  superincumbent 
rock,  and  exposed  while  damp  to  a  higher  temperature  and 
to  a  great  pressure.  These  are  the  Altered  or  Metamorphic 
rocks  already  mentioned,  and  it  is  important  to  note  that 
these  rocks  may  once  have  belonged  to  either  of  the  other 
great  groups,  i.e.,  they  may  have  been  either  Original  or 
Derivative. 

A  comparison  of  the  Tectonic  and  Glenetic  methods  of 
classification  will  show  that  the  two  arrangements  are 
parallel.  The  two  primary  rock-groups  in  each  correspond 
exactly  with  one  another,  for  all  the  Original  or  Igneous 
rocks  are  unstratified,  and  all  the  Derivative  rocks  are 
stratified.  Both  lines  of  thought  also  lead  to  the  establish- 
ment of  subdivisions  to  include  the  Metamorphic  rocks, 
or  those  which  are  altered  from  their  primary  condition. 
From  the  coincidence  of  these  results  we  may  feel  con- 
vinced that  the  most  natural  and  appropriate  classified^ 
tion  of  rocks  is  into  the  following  groups  and  sub- 
groups : — 

Primary  groups.  Sub-groups. 

1.  Original,  unstratified  or  j  A,  Unaltered. 

Igneous  Eocks.  (  B.  Altered. 

2.  Derivative,  Stratified  or  j  A.  Unaltered 

Aqueous  Eocks.  (  B.  Altered. 

1.  Igneous  Rocks  strictly  comprise  only  those  which 
have  consolidated  and  crystallized  from  a  state  of  igneous 
fusion,  and  none  of  them  present  that  regular  kind  of 
stratification  which  is  characteristic  of  all  rocks  deposited 
in  water.  They  occasionally  occur  in  the  form  of  sheets* 
which  are  interbedded  with  truly  stratified  rocks,  and  thus 
simulate  strata,  but  these  are  either  the  outspread  termi- 
nations of  very  liquid  lava-streams,  or  are  intrusive  sheets, 
of  molten  lava  which  have  been  injected  between  two  strati- 
fied beds. 

Igneous  rocks  are,  in  fact,  either  parts  of  the  deep-^ 
seated  masses  of  molten  material  which  lay  beneath  the 
roots  of  ancient  volcanoes,  and  were  intruded  upwards 
into  the  rocks  through  which  the  volcanic  orifices  were 
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opened,  or  thej  are  portions  of  tlie  lavas  whicli  were 
■actually  ejected  throngH  these  orifices  on  to  the  surface  of 
the  earth.  Thej  are  always,  therefore,  intrusive  or  else 
.eruptive  rocks. 

2.  Derivative  or  Stratified  Rocks  may  be  frag- 
mental  or  crystalline;  those  which  have  been  mechani- 
cally formed  are  all  &agmental ;  those  which  have  been 
ohemically  precipitated  are  generally  crystalline,  and  those 
-composed  of  organic  remains  are  sometimes  partially  crys- 
talline. These  deposits  are  often  called  the  Aqueous  or 
Sedimentary  rocks,  but  if  we  use  these  terms  strictly  we 
should  exclude  those  accumulations  which  have  been 
formed  by  the  agency  of  the  wind,  and  which  are  by  some 
formed  into  a  fourth  class  under  the  name  of  Aerial  or 
Eolian  rocks.  These  are,  however,  of  comparatively  small 
importance,  and  need  not  be  excluded  from  this  class  if  we 
■adhere  to  the  names  of  Stratified  or  Derivative  rocks.  In 
the  same  class  also  should  be  placed  those  volcanic  |ejecta- 
menta  which  sometimes  fall  on  land  and  sometimes  into 
the  sea,  and  which  are  generally  more  or  less  stratified. 
These,  however,  are  sometimes  considered  as  belonging  to 
the  Igneous  rocks,  as  resulting  from  volcanic  explosions, 
though  they  have  not  cooled  in  place  from  a  state  of  fusion. 
Mechanical  deposits  are  therefore  divisible  into  three  sec- 
tions: 1,  Aqueous;  2,  Eolian;  3,  Yolcanic. 

Metamorphic  Rocks. — ^Although  these  are  naturally 
included  under  one  or  other  of  the  primary  rock-groups, 
yet  it  is  often  convenient  to  regard  them  as  forming  a 
distinct  group,  comprising  all  rocks  which  have  been  so 
altered  in  course  of  time,  that  either  their  structure  or 
their  mineral  composition,  or  both,  are  different  from  that 
which  they  first  possessed.  The  characters  exhibited  by 
some  appear  to  have  been  mainly  produced  by  the  mecha- 
nical stress  of  vertical  or  lateral  pressure ;  others  have  been 
affected  by  the  chemical  action  of  percolating  waters  and  per- 
meating gases  at  depths  where  these  influences  are  assisted 
by  that  of  heat ;  so  that  their  ingredients  have  formed  new 
combinations,  and  have  re-arranged  themselves  in  crystal- 
line forms.  All  these  causes  have  combined  to  produce  a 
number  of  rocks  which  are  more  or  less  altered,  and  are 
therefore  different  from  any  of  the  deposits  that  are  now 
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being  formed  on  or  near  the  surface  of  the  earth.  The- 
whole  group  falls  naturally  into  two  sections,  viz.,  the  Meta- 
morphic  igneous  rocks,  and  the  Metamorphic  derivatiTe 
rocks. 

Determination  of  Rocks. — The  general  relations  of 
rock-masses  must  be  studied  in  the  open  country  by 
examining  the  structure  of  the  rocks  which  are  exposed  in 
pits,  quarries,  and  cuttings  of  all  kinds.  It  is  in  this  way 
onl/  that  the  facts  of  geology  are  obtained,  and  by  such 
observations  the  student  will  easily  learn  to  determine  at 
once  whether  any  given  rock  be  Igneous,  Stratified,  or 
Metamorphic.  Mr.  Jukes  has  well  remarked  that  ''  a 
blind  man  might  just  as  well  try  to  learn  the  art  of  paint- 
ing, as  any  one  attempt  to  understand  geology  without 
personal  observation  of  those  objects  on  the  structure  of 
which  the  whole  science  depends." 

It  would  be  useless,  therefore,  to  burden  the  reader's 
memory  with  minute  directions  for  distinguishing  between 
hand  specimens  of  the  three  great  classes  of  rocks  above 
mentioned ;  but  tbe  case  is  different  when  the  necessity 
arises  for  distinguishing  between  the  difEerent  members  of 
any  one  class  of  rocks. 

The  naked  eye,  or  a  hand-lens,  will  generally  inform  us 
whether  a  rock  be  crystalline  or  not,  and  wiU  give  us  some 
insight  into  the  textural  arrangement  of  its  component' 
particles ;  a  knife  will  often  guide  us  in  ascertaining  what 
minerals  it  is  composed  of  by  the  degree  of  hardness  and 
resistance  they  possess. 

It  is  very  unsafe,  however,  to  trust  in  such  rough  and 
ready  methods  of  determination,  especially  in  the  case  of  the- 
igneous  rocks,  and  geologists  were  formerly  often  led  astray 
by  omitting  to  avail  themselves  of  the  more  accurate  means 
of  determination.  These  other  methods  are  miscroscopie 
and  chemical  analysis. 

Microeeopic  Analysis. — It  is  now  universally  admitted 
that  the  microscope  is  of  the  greatest  use  in  determining 
the  mineral  composition,  texture,  and  probable  method  of 
origin  of  all  kinds  of  rocks,  and  that  without  its  assistance 
it  would  be  and  has  been  impossible  to  arrive  at  a  natural 
classification  of  the  igneous  rocks. 

For  the  purpose  of  examining  a  rock  under  the  micro- 
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scope,  it  is  necessary  to  prepare  a  thin  slice  of  it.  If  the 
rock  is  a  hard  siliceous  one,  it  must  be  sliced  by  a  cutting 
machine,  or  a  thin  chip  of  it  may  be  taken,  ground  smootl^ 
and  polished  on  one  side.  The  polished  surface  is  then 
cemented  with  Canada  balsam  on  to  a  piece  of  plate  glass, 
And  the  other  side  is  ground  down  until  the  section  is  of 
i^he  required  thinness  and  transparency.  The  Canada 
balsam  is  then  melted,  and  the  slice  is  carefully  pushed  off 
into  a  dish  of  turpentine,  in  which  it  is  washed,  so  as  to 
remove  all  traces  of  the  emery  powder  and  other  sub- 
stances  used  in  the  grinding  and  polishing  process.  The 
preparation  is  then  mounted  on  a  glass  slide  with  Canada 
balsam,  and  overkid  with  a  thin  glass  cover,  care  being 
taken  to  remove  all  air-bubbles  from  inside. 

In  the  case  of  softer  rocks  a  slice  may  be  cut  with  a 
small  saw,  one  side  polished  on  a  sharpening  stone  (Water 
'Of  Ayr  stone),  and  cemented  on  to  a  slide;  the  other  side 
may  then  be  rubbed  down  in  water  till  thin,  polished  as 
before,  and  the  dust  removed  by  a  brush.  It  ia  then 
•covered  with  a  glass  slip. 

^  The  advantages  accruing  from  the  microscopical  exami- 
nation of  such  slices  are  especially  great  in  the  case  of  rocks 
whose  texture  is  so  fine  and  close  that  their  mineral  com- 
position could  not  be  ascertained  by  examination  with 
•ordinary  hand-lenses.  As  Dr.  Geikie  observes :  "  A  rock- 
section  prepared  in  this  way  enables  us  to  ascertain  with 
precision  the  manner  in  wluch  the  different  minerals  are 
built  into  each  other,  and  often  throws  a  flood  of  light  on 
the  origin  of  a  rock  and  on  the  subsequent  changes  which 
the  rock  has  undergone.  It  furnishes  an  opportunity  of 
applying  the  delicate  analysis  of  polarized  light,  and  thus 
reveals  points  of  structure  in  the  composition  of  a  rock 
which  could  not  be  ascertained  in  any  other  way." 

For  information  regarding  the  methods  of  examining 
rock-slices  imder  the  microscope,  the  reader  is  referred  to 
Professor  Cole's  '*  Aids  in  Practicatl  Geology,"  and  Butley's 
-»'  Study  of  Eocks." 

Chemical  Analysis. — ^Though  in  the  case  of  crystalline  and 
f  ragmental  rocks  a  microscopical  examination  will  usually 
enable  us  to  decide  what  minerals  are  present,  yet  it  will  not 
•do  so  in  the  case  of  certain  igneous  rocks  (Volcanic  glasses). 
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neither  will  it  reveal  the  actual  proportions  of  the  different 
minerals  or  elements  present  in  stratified  rocks.  It  is  only 
hj  chemical  analysis  that  we  can  ascertain  the  ultimate 
chemical  composition  of  such  rocks,  and  the  relative  pro- 
portion of  the  different  elements  they  contain.  It  is  in  all 
cases  desirable  to  ascertain  the  chemical  composition  of  a 
rock,  for  it  often  reveals  the  presence  of  minute  quantities 
of  certain  minerals  or  elements  which  cannot  be  discovered 
by  the  miscroscope :  and  in  the  case  of  a  glassy  igneous 
rock  we  can  compare  the  analysis  with  that  of  allied  crys- 
talline varieties,  the  mineral  constituents  of  which  are 
akeady  known. 


CHAPTEE  ni. 

OBiaiNAL   OB   IGNEOUS    BOCKS. 

A.  UnaUered, 

AS  these  have  solidified  from  a  state  of  fusion  by  heat, 
their  present  appearance  will  obviously  be  the  result 
of  two  causes :  1,  their  chemical  constitution  ;  2,  the  cir- 
cumstances of  cooling.  To  the  former  is  due  the  presence 
of  certain  minerals  and  the  absence  of  others ;  on  llie  latter 
depends  the  structural  condition  of  the  rock,  whether  it  is 
a  glass,  or  has  assumed  a  more  or  less  crystalline  structure. 
There  are  in  fact  five  points  of  difference  among  Igneous 
rocks,  which  are  of  special  importance ;  these  are : — 

1.  Mode  of  occurrence  as  rocks. 

2.  Internal  structure. 

3.  Chemical  composition. 

4.  Mineral  composition. 

5.  Specific  gravity. 

Each  of  these  characters  might  be  made  the  basis  of  a 
classification. 

1.  Mode  of  Occurrence. — ^Viewed  as  rock-masses,  they 
occur  in  various  positions  and  exhibit  different  forms, 
according  to  the  circumstances  under  which  they  have 
solidified.  These  differences  will  be  described  in  a  future 
chapter;  but  as  it  was  formerly  customary  to  classify 
Igneous  rocks  according  to  such  differences,  they  may  be 
briefly  referred  to  here.  The  divisions  made  on  this  basis 
were :  (1)  Volcanic,  or  those  which  had  cooled  down  in 
the  open  air ;  (2)  Tbjlppban,  or  those  which  had  solidified 
under  comparatively  slight  pressure,  as  on  the  bed  of  the 
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ocean ;  and  (3)  Pltttonic,  or  those  which  had  solidified 
deep  within  the  earth.  The  name  given  to  the  second 
group  was  from  a  Swedish  word,  trappa,  a  stair,  because  the 
ends  of  the  tabular  rock-masses  referred  to  this  division 
had  often  a  step-like  aspect.  More  careful  investigation, 
however,  showed  that  many  of  the  more  typical  members 
of  this  division  had  solidified  in  the  open  air,  and  that  it 
was  impossible  to  fix  on  any  set  of  characters  which 
separated  them  from  the  ordinary  volcanic  rocks  or  lavas, 
as  they  are  often  called.  It  then  became  usual  to  divide 
the  igneous  rocks  simply  into  Volcanic  and  Plutonic, 
but  here  it  at  once  became  difficult,  owing  to  the  more 
ready  crystallization  of  the  basic  kinds,  to  know  where  to 
draw  the  line.  Hence  these  terms  have  been  abandoned 
for  purposes  of  precise  classification,  and  are  only  used  as 
general  inclusive  names  of  no  very  definite  meaning,  which, 
however,  are  often  useful. 

2.  Structure. — If  the  student  will  examine  any  masses 
of  igneous  rock  in  situ,  or  any  collection  of  rock  specimens, 
he  will  soon  perceive  that  they  exhibit  great  differences  of 
texture,  some  being  glassy,  some  compact  and  stony,  others 
plainly  crystalline. 

We  know  also,  as  a  matter  of  experiment,  that  from  the 
same  materials,  after  fusion,  may  be  obtained  either  a 
translucent  glass  or  an  opaque  stone,  built  up  more  or  less 
completely  of  crystalline  particles,  and  by  means  of  the 
microscope  it  is  found  that  the  matrix,  or  ground  mass,  of 
a  rock  may  be  in  one  of  the  following  conditions : — 

A.  It  may  be  a  true  glass  (when  it  is  often  termed  the 
base).  In  this  case,  when  a  thin  slice  of  it  is  placed  be- 
tween the  crossed  nicol  prisms  of  a  microscope  with 
a  polarizing  apparatus,  the  field  remains  dark  as  the 
stage  is  rotated.  Eocks  with  a  glassy  base  are  said  to 
be  vUreoue, 

B.  If  small,  faint,  and  rather  ill-defined  patches  of  light, 
like  the  ghosts  of  crystals,  appear  and  disappear  as  the 
stage  is  rotated,  so  that  no  part  remains  dark  throughout 
a  whole  revolution,  the  ground  mass  is  said  to  be  crypto^ 
crydalline, 

c.  If  the  patches  are  more  definite  in  shape  and  rather 
larger  in  size,  sometimes  showing  bright  tints,  so  that  it  is 

z 
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possible  to  identify  the  different  component  minerals,  the 
mass  is  said  to  be  micro-crygtalline.  In  this  state,  however, 
the  crystalline  grains  are  often  a  little  indefinite  at  the 
boundaries,  and  do  not  commonly  exhibit  the  outline  of 
their  normal  form. 

D.  If  the  slide  is  a  mass  of  well-defined  crystals,  clearly 
distinguishable  one  from  another,  of  which  those  first 
solidified  generally  give  indications  of  their  normal  external 
form,  the  rock  is  then  said  to  be  crystalline. 

The  second  of  these  conditions  is  in  many  cases  the  re- 
sult of  devitrification^  the  gradual  change  from  a  yitreoua 
to  a  semi-crystalline  state  which  takes  place  in  a  glass  under 
certain  conditions.  In  such  case  a  crypto-crystalline  rock 
might  fairly  be  regarded  as  metamorphosed ;  but  seeing  that 
we  are  not  yet  able  to  distinguish  satifactorily  between  cases 
-where  the  structure  is  original  and  where  it  is  secondary, 
the  separation  is  not  generally  attempted.  Neither  is  it 
easy  at  present  to  separate  rocks  with  this  structure  from 
those  of  the  micro-crystalline  group,  so  that  we  shall  speak 
of  both  inclusively  as  semi^crystalline. 

Glassy  and  semi^rystaUine  varieties  are  of  frequent 
occurrence  among  the  acid  rocks,  but  are  rare  and  more 
limited  in  mass  among  the  basic  rocks,  and  in  some 
instances  have  not  yet  received  distinctive  names. 

Ophitic  Structure. — ^This  is  caused  by  the  occurrence  of 
large  crystals  of  one  mineral  which  include  a  number 
of  smaller  and  previously  formed  crystals  of  another 
mineral.  Thus  in  many  rocks  consisting  of  felspar  and 
augite,  the  former  has  crystallized  out  before  the  latter,  so 
that  the  augite  seems  to  form  a  ground  mass  or  matrix  in 
which  the  felspar  crystals  are  embedded.  Such  rocks 
were  formerly  called  Ophites,  but  the  same  kind  of  struc- 
ture has  since  been  found  in  many  other  rocks,  so  that  the 
name  is  only  used  as  a  descriptive  one.  Such  rocks 
often  present  the  appearance  known  as  lustre-moUling,  the 
small  crystals  interfering  with  the  play  of  the  light  from 
the  broken  surfaces  of  the  large  crystals  as  the  specimen  is 
turned  in  the  hand. 

Porphyritic  Structure. — Conspicuous  isolated  crystals  of 
any  one  or  more  of  the  component  minerals  may  occur  in 
glassy,  semi-crystalline,  or  crystalline  rocks,  giving  what  is 
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termed  a  porphyrUic  structure.  The  name  Porphyry  was 
first  applied  to  the  dark  red  or  purple  rock,  speckled  with 
light-coloured  felspar,  obtained  from  Jebel  Dokhan  in  Egypt, 
and  largely  used  by  the  Eomans  for  decorative  purposes. 
By  some  means  the  term  became  applied  in  process  of 
time  to  rocks  of  the  most  diverse  mineral  composition,  but 
exhibiting  the  same  peculiarity  of  structure,  viz.,  the  con- 
spicuous occiirrence  of  one  mineral  in  a  more  compact 
matrix.  The  adjective  porphyrUic  ia  now  always  used  with 
this  meaning,  which  of  course  the  etymology  (porphyra, 
purple)  does  not  sanction,  and  the  name  Porphyrite  has 
been  applied  to  a  definite  kind  of  rock ;  but  the  term 
Porphyry  is  seldom  used  as  a  designation  in  England. 

Crystalline  rocks  present  several  textural  varieties :  they 
may  be  coarsely  crystalline,  like  many  Granites ;  they  may 
be  finely  crystalline  and  even  grained  (granulitic) ;  they 
may  be  porphyritic;  and  finally,  two  of  the  component 
minerals  may  be  so  intermixed  and  interwoven  with  one 
another  by  simultaneous  crystallization  as  to  produce 
a  curious  and  easily  recognized  pattern.  This  is  the 
structure  of  Pegmatite  or  Graphic  Qranite  and  hence 
it  is  termed  pegmcditic  or  graphic.  Sometimes  the  matrix 
of  a  porphyritic  rock  has  this  structure  on  a  minute  scale, 
which  is  often  called  micrO'pegTnaiitic,  but  the  term  micro- 
graphic,  recently  proposed  by  Professor  Bonney,  is  pre- 
ferable. A  rock  with  a  glassy  base  is  said  to  be  microlithic 
when  it  is  crowded  with  minute  crystals  or  microlUhs. 

If  the  mass  of  a  rock  is  full  of  small  cavities  or  vesicles 
it  is  said  to  be  vesicular ;  the  cavities  are  often  elongated 
in  one  direction,  and  when  they  are  subsequently  filled  up 
with  some  mineral,  such  as  quartz  or  calcite,  the  infiltra- 
tion is  called  an  a/mygdide  or  amiygddloid  (a/mygdalon,  an 
almond^,  and  the  rock  is  said  to  be  amygdaloicUil, 

3.  Cnemical  Composition. — ^All  ^e  minerals  which 
ordinarily  enter  into  the  composition  of  igneous  rocks  are 
silicates,  and  free  silica  in  the  form  of  quartz  is  also  fre- 
quently present.  The  total  percentage  of  silica  which  they 
possess  is  sometimes  as  high  as  80,  sometimes  as  low  as  40, 
or  a  little  less ;  hence  these  rocks  are  often  simply  divided 
into  add  and  basic,  according  as  they  contain  more  or  less 
than  60  per  cent,  of  this  mineral. 
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So  marked,  and,  within  certain  limits,  so  constant  are 
these  differences  all  over  the  world,  that  Bunsen  was  led  to 
suppose  they  might  be  due  to  the  existence  of  two  distinct 
magmas  or  liquid  layers  of  different  chemical  composition 
beneath  the  crust  of  the  earth,  the  intermediate  kinds  of 
rock  resulting  from  a  mixture  of  these  two  magmas  in 
varying  proportions.  Durocher  subsequently  extended  and 
elaborated  this  theory,  which  may  be  called  Bunsen's  law, 
but  connected  it  with  certain  physical  speculations  which 
are  not  generally  accepted. 

Later  investigations  have  shown  that  different  poiiions  of 
the  same  rock-mass,  and  in  the  case  of  certain  rocks  even 
parts  of  the  same  hand  specimen,  often  differ  considerably 
in  chemical  composition.  This  is  especially  the  case  with 
porphyritic  rocks  which  have  a  glassy  or  crypto-crystaUine 
base;  this  base  may  be  regarded  as  the  mother  liquor 
which  remained  after  the  separation  of  the  crystals  &om 
the  original  magma,  and  analyses  show  that  it  is  invariably 
more  acidic  than  the  portion  which  has  crystallized.^ 
There  is,  moreover,  a  difference,  not  only  in  the  proportion 
of  silica,  but  in  that  of  the  alkalies,  potash  predominating 
in  the  glassy  base,  and  soda  in  the  crystalline  portion. 

Commenting  on  these  &<;ts,  Mr.  Teall  remarks :  ''  If  after 
crystallization  has  progressed  to  a  certain  extent  in  a  magma 
of  andesitic  [i.e,,  intermediate]  composition,  we  separate 
the  crystals  from  the  part  remaining  liquid,  the  former 
taken  together  wiU  have  the  composition  of  a  basic  rock, 
the  latter  of  an  acid  rock.  It  is  scarcely  possible  that  this 
connection  can  be  the  result  of  chance,  and  if  not,  it  seems 
to  suggest  that  those  variations  in  the  composition  of 
igneous  rocks  which  are  expressed  by  Bunsen's  law  may  be 
due  to  differentiation  produced  in  an  originally  homo- 
geneous mass  in  consequence  of  progressive  crystallization." 
(Op.  cit.f  p.  45.)  In  other  words,  it  suggests  that  the  sub- 
terranean magma  is  homogeneous,  and  that  separation  into 
portions  of  different  chemical  composition  is  effected  during 
its  upward  passage  through  the  crust. 

4.  Mineral  Composition. — The  chief  mineral  compo- 
nents of  igneous  rocks  have  already  been  described,  but  it  is 

*  See  Teall's  "  British  Petrography,"  p.  42. 
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seldom  that  many  of  these  occur  together  in  one  rock,  and 
certain  laws  or  rules  can  be  laid  down  regarding  their 
paragenesis  or  association.  We  can  easily  understand 
that  when  the  original  molten  mass  contained  a  large  per- 
centage of  silica,  its  crystallization  would  give  rise  to  the 
formation  of  the  more  highly  silicated  felspars,  and  there 
might  still  be  a  surplus  of  silica  which  would  remain 
as  free  quartz ;  while  in  a  mass  with  a  low  percentage  of 
silica,  there  might  only  be  sufficient  to  form  the  less  highly 
silicated  felspars,  without  any  surplus  remaining.  As  a  rule, 
therefore,  free  quartz  is  associated  with  the  more  highly 
silicated  felspars,  such  as  Orthoclase,  Albite,  and  Oligoclase ; 
quartz  may  occur  as  an  accessory  mineral  in  company  with 
Xjabradoiite  or  Anorthite,  but  neyer  as  an  important  con- 
stituent of  the  rock. 

Hornblende  also  is  more  commonly  found  in  association 
with  the  highly  siHcated  felspars,  while  Augite  is  generally 
associated  with  the  more  basic  rfelspars,  and  with  Leucite 
and  Nepheline.^  Olivine,  also,  as  might  be  expected,  is 
always  associated  with  the  more  basic  felspars,  and  some- 
times occurs  alone  with  Augite  and  Enstatite.  Hyper- 
sthene,  a  mineral  less  commun  than  is  usually  supposed, 
has  the  same  habit,  but  is  sometimes  found  with  the  more 
highly  silicated  felspars. 

6.  Specific  Gravity. — The  specific  gravity  of  a  rock 
depends  partly  on  its  crystalline  ingredients  and  partly  on 
the  presence  or  absence  of  a  glassy  base.  The  specific 
gravity  of  a  mineral  in  a  glassy  condition  is  always  less  than 
that  of  the  same  substance  in  a  crystalline  condition.  Thus, 
quartz  crystal  has  a  specific  gravity  of  2'6,  but  if  fused 
under  the  oxyhydrogen  blow-pipe  it  solidifies  into  a  glass 
with  a  specL&c  gravity  of  only  2*2,  which  is  that  of  the 
natural  silica  glasses.  Opal  and  Hyalite.  Mr.  Teall  re- 
marks :  **  The  principal  interest  which  attaches  to  specific 
gravity,  so  far  as  I^eous  rocks  are  concerned,  lies  in  the 
fact  that  it  stands  in  close  relationship  to  their  chemical  and 
physical  properties.  If  we  compare  rocks  in  the  same 
^h ^Bical  LEion.  then  the  specie  gravity  is  seen  to  vary 

^  But  Hornblende  and  An^te  sometimes  occnr  together  in  the 
«ame  rock,  and  Augite  is  sometimes  altered  into  Hornblende. 
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with  the  chemical  composition    in  a   tolerably  definite 

manner If ,  on  the  other  hand,  we  compare  rocks  of 

the  same  composition,  then  the  specific  grayitj  is  seen  to 
depend  on  the  physical  condition.  (Op.  cit,,  p.  48.)  HiB 
tabulated  statement  shows  that, 

1.  Specific  gravity  increases  as  the  silica  percentage 
decreases. 

2.  Specific  gravity  decreases  as  the  amount  of  glass  in  a 
rock  increases. 

Classification. — ^The  systematic  classification  of  ig- 
neous rocks  is  a  matter  of  great  difficulty,  and  all  the  arrange- 
ments which  have  been  proposed  are  confessedly  more  or 
less  artificial  groupings.  Eocks  must,  of  course,  be  named 
before  they  can  be  classified,  and  though  at  first  sight  it 
seems  easy  to  define  rocks  according  to  the  minerals  of 
which  they  consist,  in  practice  it  is  not  easy,  for  so  vari- 
able are  the  rocks  in  this  respect,  that  it  is  difficult  to 
say  what  minerals  may,  or  may  not,  occur  in  one  kind  of 
rock.  A  mineral  has  a  definite  form  and  composition,  but 
a  rock  is  only  an  aggregate  of  mineral  particles,  and  though 
we  may  give  a  name  to  an  aggregate  of  certain  minerals, 
we  must  be  prepared  for  any  amount  of  variety  in  their 
relative  proportions,  and  for  the  presence  of  particles 
of  other  minei'als  besides  those  by  which  the  rock  is 
named. 

The  only  glimpse  of  a  natural  order  among  igneous  rocks 
is  that  afforded  by  Bunsen's  law,  and'  by  what  Mr.  Teall 
terms  the  order  of  progressive  consolidation,  that  is,  the  de- 
velopment of  different  magmas  out  of  one  original  liquid 
mass  by  progressive  stages  of  cooling  and  crystallization. 
From  this  point  of  view  it  is  clear  that  chemical  composi* 
tion  and  specific  gravity  are  points  of  primary  importance, 
and  that  mineral  differences  are  only  important  so  far  as 
they  indicate  difference  of  chemical  composition. 

Since,  however,  the  nomenclature  used  is  founded  on  the 
presence  or  absence  of  certain  minerals,  it  must  be  possible 
to  classify  rocks  according  to  their  mineral  differences,  and 
such  a  clasification  must  make  it  easier  for  the  student  ta 
remember  these  differences.  At  the  same  time  the  arrange- 
ment must  be  based  on  such  a  selection  of  minerals  as  will 
best  express  the  variations  of  chemical  composition,  and  it 
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sboidd  also  accord  with  the  results  of  observation  in  the 
field  with  respect  to  the  association  of  rocks  with  one 
another. 

Finally,  attention  must  be  paid  to  the  relative  quantities 
of  the  different  constituent  minerals,  for  the  mere  presence 
of  quartz  grains,  or  of  highly  sihcated  felspars,  is  not  a 
proof  that  the  rock  is  a  very  acid  one ;  that  wiU  depend  on 
tlie  quantity  present :  again,  two  rocks  may  have  the  same 
mineral  ingredients,  and  yet  have  a  different  chemical 
composition. 

In  framing  the  following  arrangement  of  the  rocks  the 
author  has  kept  these  points  in  mind,  and,  so  far  as  the 
existent  nomenclature  allows,  he  has  endeavoured  to  express 
the  recognized  scale  of  chemical  composition  (from  acid  to 
basic)  in  terms  of  the  mineral  constituents.  The  order  of 
the  rock-groups  is  the  same  as  that  given  by  Professor 
Bonney  in  the  first  edition,  but  these  are  now  gathered 
into  classes  which  are  defined  in  such  a  manner  that  the 
reader  may  at  once  see  on  what  principles  the  groups  are 
established. 

The  subdivisions  are  made  to  depend  on  structural 
characters,  and  the  terms  Granitoid  and  Lithoid  are  adopted 
to  express  these :  the  first  including  coarsely  granular, 
granulitic,  and  graphic  and  micrographic  varieties ;  the 
second  microcrystailine,  micrographic,  and  microlithic 
varieties.  It  must  be  remembered  that  there  are  no  hard 
and  fast  lines  between  the  groups,  each  group  being  con- 
nected with  the  others  by  rocks  of  an  intermediate 
character. 

The  minerals  mentioned  are  those  which  are  regarded  as 
essential  to  the  definition  of  the  class.  The  felspar  may  be 
either  orthoclase  or  plagioclase,  or  it  may  be  partially  re- 
placed by  nepheline  or  leucite.  The  hornblende  may,  or 
may  not,  be  associated  with  augite  or  mica.  These  minor 
differences  form  subsidiary  groups,  which  will  be  men- 
tioned when  each  class  is  treated  in  detail. 

The  glassy  rocks  are  not  included  in  this  tabular  view, 
but  each  of  the  groups  may  pass  into  a  volcanic  glass  when 
the  material  has  cooled  rapidly. 
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Classification  of  Igneous  Bocks, 

Class  I.  Acid  Eocks.  Percentage  of  Silica,  66  to  76. 
Sp.  Gray.,  25  to  27.  Dominant  minerals,  Quartz  and 
Felspar.     Some  mica,  hornblende,  and  augite  present. 

Granitoid  type.  Lithoid  type. 

Group  A.  Granite.         Quartz,  Felsite,  and  Ehyo- 

lite. 

Group  B.  Tonalite.  Quartz-Porphyrite  and  Da- 
cite. 

Class  II.  Sub-Acid  Eocks.  Percentage  of  Silica,  55  to 
65.  Sp.  Grav.,  27  to  2*8.  Dominant  minerals,  Felsi)ar 
and  Hornblende ;  Quartz  present  in  small  grains. 

Granitoid  type.  Lithoid  type. 

Group  C.  Syenite.         Felsite  and  Trachyte. 

Group  D.         Diorite.  Porphyrite  and  Ajidesite. 

Class  HE.  Basic  Eocks.  Percentage  of  Silica,  40  to 
55.  Sp.  Grav.,  2*9  to  32.  Dominant  minerals,  Plagio- 
clase  felspar,  Augite,  and  Olivine ;  no  Quartz. 

Group  £.    Gubbro,  Dolerite,  and  Basalt. 
Group  F.     The  Peridotites  and  Picrites. 

Group  A. 

1.  Granite  is  a  crystalline  compound  of  quartz,  ortho- 
clase,  and  mica,  the  particles  of  all  three  being  generally 
visible  to  the  eye.  The  orthoclase  is  sometimes  replaced  by 
microcline,  as  in  parts  of  the  granite  of  Leinster ;  and  oligo- 
clase  and  albite  are  often  associated  with  it.  The  mica  may 
be  muscovite  or  biotite.  When  hornblende  is  present  the 
rock  is  called  Hortiblendic  granite ;  if  augite  takes  its  place 
we  have  Avgite  granite.  When  mica  is  scarce,  and  the 
quartz  and  felspar  are  so  intergrown  that  the  form  has  a 
rude  resemblance  to  Hebrew  characters,  it  is  called  Graphic 
granite,  or  Pegmatite. 

EurUe,  or  Micro-granite,  is  a  fine-grained  rock  with  only  a 
little  mica,  and  is  often  found  in  the  veins  which  proceed 
from  a  mass  of  granite.  It  often  contains  porphyritic 
quartz  or  felspar.    The  matrix  is  sometimes  micrographic. 
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2.  Quartz-felsite  lias  a  micro  or  crjpto-crystalline 
matrix  of  quartz  aad  orthoclase,  witli  porphjritic  crystals  of 
quartz  and  felspar.  The  rock  has  also  been  called  Elvanite, 
but  this  is  not  a  good  name,  for  the  word  is  only  a  local 
Cornish  term  for  a  dyke,  and  many  of  the  elvans  do  not 
consist  of  Quartz-felsite.  Many  of  the  crypto-crystalline 
felsites  are  only  devitrified  Liparites. 

3.  Liparite,  or  Quartz-trachyte. — This  is  the  Vol- 
canic  form  of  a  rock  which,  if  entirely  crystalline,  would 
be  a  granite.  The  ground  mass  consists  mainly  of 
minute  crystals  of  sanidine  embedded  in  a  glassy  base, 
with  porphyritic  crystals,  or  quartz,  or  sanidine.  Soda- 
felspar,  hornblende,  augite,  and  mica  are  sometimes  present. 
The  rock  is  often  called  Bhyolite,  but  it  would  be  con- 
renient  to  restrict  the  latter  of  these  names  to  the  more 
compact  yarieties,  which  often  give  indications  of  a  fluidal 
structure. 

Group  B. 

The  members  of  this  group  resemble  those  of  Group  A, 
but  have  a  Soda-felspar  (Oligoclase,  Albite,  or  Andesine) 
instead  of  Orthoclase.  Hornblende  is  generally  present, 
and  Quai'tz  always  in  fair  quantity. 

1.  Tonalite  is  the  Granitic  form.  It  takes  its  name 
from  the  Tonale  Pass  in  South  Tyrol,  near  which  is  a  large 
mass  of  it:  this  contains  quartz,  oligoclase,  mica,  and 
hornblende. 

2.  Quartz-porphyrite  has  the  same  structure  as 
Quartz-felsite,  the  felspar  only  being  different,  and  as 
many  of  them  exhibit  that  peculiar  f elsitic  structure  which 
is  so  generally  the  result  of  devitrifLcation,  these  are  pro- 
bably only  altered  Dacites. 

3.  Dacite  answers  to  Liparite,  the  base  being  glassy 
and  the  minerals  occurring  porphyritically.  It  receives 
its  name  from  the  ancient  Dacia,  in  which  district  it 
occurs.  It  is  also  called  Quartz-Andeeite,  from  the  Andes, 
where  it  is  also  found.  These  rocks  are  analogous  to  the 
quartz-trachyte  of  the  former  group.  There  are  also  very 
glassy  forms,  but  these  as  a  rule  can  only  be  distinguished 
by  chemical  analysis  from  Obsidian  and  Pitchstone,  and 
have  not  yet  received  distinctive  names. 
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Obsidian  and  Pitchstone  are  yolcanic  glasses,  formed 
by  the  rapid  cooling  of  Liparites  and  Dacites.  There  is  no 
optical  difference  between  the  more  acid  and  less  acid  varie- 
ties, which  can  only  be  distinguished  by  chemical  analysis. 
They  both  consist  chiefly  of  glass,  but  contain  scattered 
microlites  and  occasional  crystals.  They  differ  from  one 
another  thus :  Obsidian  has  a  very  oonchoidal  fracture  and 
a  glassy  lustre  (being  very  like  dark  glass)  ;  Pitchstone  has 
a  more  splintery  fracture  and  a  resinous  lustre.  It  is 
not  certain  to  what  this  fairly  persistent  difference  is  due, 
but  probably  to  the  relative  abundance  of  microliths. 


Gboxtp  C. 

1.  Syenite. — This  rock  is  usually  defined  as  consisting 
of  orthoclase  and  hornblende,  but  it  is  doubtful  whether 
such  a  rock  exists,  and  it  is  at  any  rate  very  rare.  More- 
over a  rock  of  this  composition  would  not  be  the  plutonic 
representative  of  Trachyte,  which  has  from  60  to  64  per 
cent,  of  Silica.  It  is  necessary  to  admit  the  presence  of 
quartz  as  an  essential  constituent,  though  it  is  only  visible 
by  the  aid  of  the  microscope.  The  name  is  derived  from 
Syene  in  Egypt,  but  the  rock  there  is  said  to  contain  visible 
crystals  of  quartz,  and  is  therefore  a  Homblendic  granite. 
Plagioclase  is  very  often  present,  and  mica  frequently. 
Micrograj>hic  Syenite  is  a  rock  with  a  micrographic  matrix 
of  quartz  and  orthoclase,  enclosing  porphyritic  crystals  of 
hornblende  and  sometimes  of  oligoclase  also. 

2.  Ortho-felsite  is  a  rock  with  afelsitic  or  semi-crystal- 
line matrix,  with  porphyritic  crystals  of  orthoclase  and 
hornblende.^ 

8.  Trachyte  has  the  same  structure  as  Liparite,  but  is 
without  the  porphyritic  crystals  of  quartz,  the  silica  being 
entirely  in  the  glassy  base. 

Sub-Gboup  C  \ — ^A  parallel  series  is  formed  by  rocks  in 
which  the  felspar  is  partly  replaced  by  nepheline.    Thus 

^  It  must  be  remembered  that  many  Felsites  are  only  devitrified 
oheidiims,  and  that  some  petrologists  consider  all  rocks  with  a 
felsitic  matrix  to  be  devitrified.  A  name  is  wanted  for  compact 
crystalline  Syenites. 
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Nejpheline  Syenite,  or  Foyaite  (from  the  Fora  Mountains  in 
Poiinigal),  consists  of  (h*thoclase,  Nepheline,  Hornblende, 
and  a  little  Quartz.  PJumolite  consists  of  tlie  same  minerals, 
but  the  quartz  is  not  visible,  and  the  structure  is  trachytic : 
plagioclase  felspar,  leucite,  nosean,  and  mica  often  occur 
as  accessories,  or  even  in  sufficient  abundance  as  to  con- 
stitute well-marked  varieties ;  augite  also  may  occur.  The 
semi-crystalline  and  glassy  varieties  have  not  received 
separate  names. 

Sub-Gboxjp  C  '. — This  forms  a  portion  of  the  rather 
limited  series  of  rocks  often  distinguished  as  Mica-traps, 
Mica  (more  commonly  magnesia-mica)  is  always  a  con- 
spicuous constituent.  Some  free  quartz  is  occasionally 
present,  and  more  or  less  hornblende  or  augite.  The 
nomenclature  of  the  group  is  imperfect.  It  will  probably 
be  found  convenient  to  restrict  the  term  Minette  to  the 
crystalline  form,  and  designate  the  others  respectively 
Mica-felsite  and  Mica^trachyte, 


Group  D. 

The  members  of  this  group  only  differ  from  those  of 
Group  B  in  the  relative  quantity  and  size  of  the  included 
quartz  grains. 

1.  Diorite. — As  in  the  case  of  Syenite,  this  rock  has 
been  regarded  in  its  typical  form  as  a  quartzless  rock 
consisting  of  plagioclase  and  hornblende.  Such  rocks  do 
occur,  but  they  cannot  be  considered  as  the  plutonic  equi- 
valents of  Andesites,  while  the  majority  of  the  rocks  which 
have  been  caUed  Diorites  contain  quajrtz,  though  it  is  not 
discernible  without  the  aid  of  the  microscope.  Mr.  Teall's 
view  of  the  constitution  of  Diorite  is  much  more  logical 
and  satisfactory.  He  regards  quartz  as  an  ''essential  con- 
stituent, and  therefore  excludes  the  more  basic  varieties ; 
as  he  observes,  **  in  the  Andesites  the  silica  is  present  in 
the  interstitial  matter,  in  the  holocrystalline  rock  it  sepa- 
rates out  as  quartz  "  ("  British  Petrography  ").  In  many 
of  the  plagioclase-homblende  rocks  the  hornblende  is  a 
paramorph  after  augite  (see  p.  323). 

The  felspar  is  generally  oUgoclase  or  andesine,  but  may 
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in  some  cases  be  labradorite ;  the  rock-structure  may  be 
^anular  or  micrograpTiic.  If  augite  be  present  we  have 
an  Augite-Diorite,  which  passes  into  Gfabbro  by  a  diminu- 
tion of  the  quartz.  The  presence  of  mica  gives  a  Mica- 
Diorite.  The  name  Aphanite  is  applied  to  a  fine-grained 
rock  in  which  the  components  can  only  be  seen  with  a 
microscope. 

2  and  3.  Porphyrite  and  Andesite  differ  from  Quartz- 
porphyrite  and  Dacite  simply  in  the  absence  of  free  por- 
phyritic  quartz,  but  the  Porphyrites  are  now  regarded  as 
only  devitrified  Andesites. 

SuB-Q-BOUP  D\ — Plagioclase-Nepheline  rocks  are 
not  common,  and  do  not  occur  in  Britain.  TephrUe  is  an 
Andesite  in  which  Nepheline  and  Leucite  are  present ;  and 
TheralUe  is  a  coarse-grained  rock  of  the  same  composition. 
They  may  be  called  Nepheline-Diorite  and  Nepheline- 
Andesite. 

Sub-Gboup  D  *. — This  contains  the  remainder  of  the 
Mica-trap  group,  which  differs  from  the  Minette  group  as 
above  described  in  that  a  plagioclastic  felspar  replaces  the 
orthoclase.  There  is  at  present  the  same  deficieucy  in  the 
nomenclature,  the  term  KeraantUe  being  applied  to  the 
crystalline  or  more  conspicuous  representatives. 

Group  E. 

The  nomenclature  of  this  group,  though  four  members 
are  common,  is  at  present  not  very  precise.  The  tyx)e- 
rock  may  be  defined  as  consisting  of  a  plagioclastic  felspar, 
generally  labradorite,  and  of  augite,  with  more  or  less  iron 
peroxide,  and  commonly  some  olivine.^  Magnesia  mica  is 
often  present,  and  sometimes  rather  abundant.  Gabbro  is 
a  coarsely  crystalline  rock  of  granitic  structure  only  occur- 
ring in  masses,  dykes,  and  veins.  In  it  diaUage  frequently 
takes  the  place  of  augite,  and  the  name  Norite  is  given 
to  a  hypersthene-felspar  rock.    A  variety  with  little  augite 

^  As  this  mineral  is  frequently  abundant  enough  to  become  an 
important  constituent,  while  in  other  cases  it  is  entirely  absent, 
some  have  proposed  to  restrict  the  term  dolerite  to  the  former ;  but 
the  distinction  can  hiurdly  be  maintained. 
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and  much  oliyine  is  known  as  Troctolite.  A  rock  in  which 
hornblende  whoUy  or  partially  replaces  the  augite  is  called 
Horriblende'Oabbro,  When  the  two  principal  constituents- 
are  visible  to  the  unaided  eje,  forming  a  speckled  whitish 
and  black  rock,  it  is  called  Dolerite,  and  when  the  con* 
stituents  are  so  minute  that  the  rock  is  black,  it  is  called 
Basalt.^  No  name  is  thus  applied  to  the  (rare)  semi- 
crystalline  variety ;  the  glassy  form,  also  rare  and  limited 
in  thickness  (it  not  seldom  exists  as  a  mere  coating  to 
ordinary  basalt  masses),  is  called  Tachylite.  This  is  a^ 
black  or  brownish-black  glass  distinguishable  from  ob- 
sidian chiefly  by  its  greater  specific  gravity  and  easier 
fusibility  with  the  blow-pipe. 

Sxtb-Groxtp  E  ^ — (a.)  NepheUne-DolerUe  (or  Nejphelenite). 
— The  rocks  of  this  differ  from  the  last  in  containing 
nepheline  instead  of  felspar;  there  is  the  same  want  of 
preciseness  in  the  nomenclature.  The  coarser  varieties  are 
easily  recognized;  the  finer  require  microscopic  examina- 
tion. The  rock,  however,  is  commonly  a  little  lighter  in 
colour  than  a  felspar  basalt. 

(6.)  Leudte-Dolerite  (or  LeucUite). — The  rocks  of  this 
differ  from  the  felspar-basalts  in  containing  leucite  instead 
of  felspar.  The  rock,  as  a  rule,  is  decidedly  lighter  in 
colour  than  the  others,  and  the  augit«  is  sometimes  green. 

Intermediate  forms,  containing  two  or  all  of  the  three 
minerals  felspar,  nepheline,  and  leucite,  occur. 

Group  F. 

The  nomenclature  of  this  rather  rare  group  is  also  in 
need  of  revision.  The  great  majority  of  its  members  are- 
crystalline,  and  the  rock  appears  to  be  generally  a  deep- 
seated  one.  Olivine  is  the  essential  constituent,  and  with 
it  enstatite  or  augite,  or  both  together,  are  commonly  asso- 
ciated. Hornblende  occurs  occasionally.  There  is  always 
some  iron  peroxide,  and  small  quantities  of  chrome  and 
nickel  are  generally  detected  by  analysis.    LherzolUe "  is 

^  The  term  Anamesite  has  been  applied  to  intermediate  varieties. 
^  From  Lake  Lherz  in  the  Pyrenees  (Ari^ge),  where  the  rock 
occnre. 
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the  name  given  to  a  species  consisting  of  olivine,  enstatite, 
augite  (variety  diopside)  and  picotite  (a  variety  of  spinel). 
Dunite  ^  appears  to  be  chiefly  olivine  and  chromic  iron. 

PicrUe  contains  olivine,  augite  (or  hornblende),  with 
usually  some  mica  and  often  a  little  felspar.  In  PicrUe 
the  pyroxenic  constituent  generally  rather  predominates 
over  the  peridotic,  and  the  rock  appears  to  be  rather  an 
ancient  one.  It  may  be  regarded  as  intermediate  between 
Dolerite  and  a  Peridotite.^  Here  also  may  be  placed 
EulysUe,  in  which  garnets  are  always  conspicuous. 

The  following  are  names  and  terms  which  are  often  used, 
and  of  which  some  explanation  seems  necessary : — Felatone 
and  Greenstone  designate  a  large  group  of  rocks  (most  of 
which  would  anciently  have  been  included  in  the  Traps) 
which  are  too  compact  in  their  structure  to  allow  their 
•crystalline  condition  and  mineral  constitution  to  be  readily 
distinguished,— /eia^owe  including  the  eurites,  felsites,  por- 
phyrites,  and,  perhaps  accidentally,  some  phonoHtes,  and 
greenstone  the  more  compact  diorites,  aphauites,  diabases, 
and  slightly  decomposed  basalts.  The  term  Oreystone  has 
been  occasionally  used  for  some  of  the  darker  felsites, 
the  phonolites,  and  some  of  the  paler  basalts. 

Melaphyre  is  another  vague  term  of  dubious  advantage. 
It  has  been  applied  to  dark  compact  rocks  of  considerable 
geologic  age,  defined  as  normally  consisting  of  **  felspar 
(plagioclase),  augite,  and  iron  peroxide."  Further  exami- 
nation has  shown  that  some  of  these  rocks  are  aphcmitea  or 
porphyrUea,  but  the  majority  simply  rather  ancient  haeaUs, 
and  so  far  as  the  term  bears  any  precise  meaning  it  is 
equivalent  to  "  probably  basalt,  certainly  old.''  It  has, 
however,  been  used  so  vaguely,  though  with  an  air  of 
exactness,  that  perhaps  it  is  better  not  to  employ  it. 

Fluid  Cavities  in  the  Crystals  of  Igneous  Rocks. 
— By  careful  observations  on  the  minute  structure  of 

^  From  the  Dan  Mountain,  New  Zealand. 

'  The  student  will  find  more  complete  descriptions  of  igneous 
rocks,  with  illustrations  of  their  appearance  under  the  microeeope, 
in  Professor  Grenville  Cole's  "  Aios  in  Practical  Geology  "  (Griffin 
and  Co.),  and  in  Dr.  Hatch's  "  Petrology  of  Igneous  Rocks  "  (Swan 
Sonnenschein  and  Co.). 
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crystals/  Mr.  H.  C.  Sorby  has  shown  that  it  is  possible  to 
arrive  at  some  interesting  and  remarkable  conclusions  as  to 
the  liquid  magma  under  which  the  crystalline  particles  of 
granite  and  other  igneous  rocks  were  formed  The  follow- 
ing is  an  abstract  of  his  argument : — 

When  artificial  crystals  are  examined  with  the  micro- 
scope, it  is  seen  that  they  have  often  caught  up  and  en- 
closed within  their  solid  substance  portions  of  the  material 
surroimding  them  at  the  same  time  when  they  are  being 
formed.  Thus,  if  they  are  produced  by  sublimation,  small 
portions  of  air  or  vapour  are  caught  up,  so  as  to  form 
apparently  empty  cavities ;  or  if  they  are  deposited  from 
solution  in  water,  small  quantities  of  water  are  enclosed, 
so  as  to  form  fluid-cavities.  In  a  similar  manner,  if  crystals 
are  formed  from  a  state  of  igneous  fusion,  crystallizing  out 
from  a  fused-stone  solvent,  portions  of  this  become  en- 
closed, and  on  cooling  remain  in  a  glassy  condition,  or  be- 
come stony,  so  as  to  produce  what  may  be  called  glass-  or 
stone-cavities.  From  these  facts  he  deduced  the  following 
conclusions : — 

1.  That  crystals  containing  only  stone-  or  glass-cavities 
were  formed  from  a  state  of  igneous  fusion. 

2.  That  crystals  containing  both  water-  and  stone- 
or  glass-cavities  were  formed  in  molten  rock  under  the 
combined  influence  of  highly  heated  water  and  great 
pressure. 

Applying  these  principles  to  the  examination  of  igneous 
rocks,  Mr.  Sorby  proves  from  them  the  igneous  origin  of 
all,  with  this  remarkable  resxdt,  that  the  fluidity  of  the 
more  superficial  lavas  was  a  more  purely  igneous  one  than 
that  of  the  deeper  seated  trappean  and  plutonic  rocks. 
The  minerals  of  erupted  lavas  contain  stone-  and  glass- 
cavities  like  the  crystals  formed  in  the  slags  of  furnaces ; 
but  the  blocks  ejected  from  volcanoes  contain  water- 
cavities  as  well,  the  amount  of  water  indicating  that  they 
were  formed  under  great  pressure  and  at  a  dull  red  heat, 
when  both  liquid  water  and  melted  rock  were  present. 
The  crystals  of  the  Cornish  elvans  and  the  Cornish  and 
Scotch  granites  contain  both  fluid-  and  stone-cavities,  prov- 

^  "  Quart.  Joum.  Geol.  Soc,"  vol.  xiv.  p.  453. 
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ing  the  presence  of  water,  and  perhaps  also  of  g^s,  as  well 
as  the  conditions  of  great  heat  and  pressure. 

**  On  the  whole,  then/*  says  Mr.  Sorby,  "  the  microsco- 
pical  structure  of  the  constituent  minerals  of  granite  is  in 
every  respect  analogous  to  that  of  those  formed  at  great 
depths  and  ejected  from  modem  volcanoes,  or  that  of  the 
quartz  in  the  trachyte  of  Ponza,  as  though  granite  had 
been  formed  under  similar  physical  conditions,  combining 
at  once  both  igneous  fusion,  aqueous  solution,  and  gaseous 
sublimation.  The  proof  of  the  operation  of  water  is  quite 
as  strong  as  that  of  heat." 

Subsequent  investigation  has,  however,  proved  that  liquid 
enclosures  may  be  of  subsequent  formation  and  due  to  the 
partial  solution  of  the  crystal,  and  as  it  is  difficult  to  dis- 
tinguish these  from  original  enclosures,  the  application  of 
Mr.  Sorby*s  results  is  not  always  easy. 

Pyro  clastic  Bocks, 

The  materials  ejected  from  volcanoes  being  really  vol- 
canic rocks  may  be  mentioned  here,  though  they  have  not 
consolidated  as  rocks  from  a  stat«  of  igneous  fusion,  but 
consist  of  broken  fragments  of  volcanic  rocks ;  hence  they 
are  often  called  pyroclastic  materials,  from  rvp,  fire,  and 
KXaoTOQ,  broken. 

Agglomerate. — This  is  a  confused  assemblage  of  an- 
gular blocks  embedded  in  a  paste  of  finer  materials,  and  is 
only  found  in  close  proximity  to  the  volcano  from  which 
all  the  fragments  have  been  ejected.  The  blocks  are 
chiefly  pieces  of  lava,  but  mingled  with  these  are  frequently 
fragments  of  the  local  stratified  rocks,  which  have  been  rent 
by  the  outburst  of  the  volcano.  A  volcanic  agglomerate  is 
a  terrestrial  rock,  but  if  the  same  materials  are  ejected  into 
lakes  or  seas,  so  that  the  blocks  are  more  or  less  rounded 
and  water-worn,  a  volcanic  conglomerate  is  produced. 

Volcanic  Ash,  Tuff,  or  Peperino,  are  names  applied 
to  the  finer  kinds  of  volcanic  detritus ;  the  sand,  dust,  and 
powder  which  is  carried  to  a  greater  distance  from  the  vol- 
cano. They  are  generally  more  or  less  regularly  stratified, 
whether  the  deposits  have  been  formed  on  land  or  on  sea- 
bottoms,  but  in  the  latter  case  the  volcanic  ashes  are 
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mingled  with  the  materials  of  ordinary  stratified  deposits, 
and  sometimes  contain  organic  remains. 

Tuffs  maj  be  subdivided  into  two  classes,  according  to 
the  felspathic  or  pjroxenic  nature  of  the  base  or  ground 
mass  of  the  rock.  The  former  are  called  Felstone  Tuffs, 
the  latter  Greenstone  Tuffs. 

Fehtone  Tuff  varies  in  colour  from  white  or  grey  to 
yellowish-red  or  dark  brown;  in  texture  it  is  generally 
earthy  and  flaky,  and  frequently  contains  broken  crystals 
of  felspar,  or  small  fragments  of  some  trachytic  rock. 
Sometimes  sand  is  mingled  with  this  base,  and  the  rock 
passes  into  a  felspathic  sandstone.  A  nodular  concretionary 
structure  is  occasionally  developed,  the  size  of  the  nodules 
varying  from  that  of  nuts  to  that  of  cannon-balls.  The 
more  compact  and  indurated  varieties  are  not  easy  to 
distinguish  from  felspathic  lavas,  imtil  the  aid  of  the 
microscope  is  called  in ;  this  is  the  case  with  some  of  the 
felspathic  ashes  or  felstone  tuffs  of  North  Wales  and  the 
Lake  district. 

Ghreenstone  Tuff  is  usually  dull  and  earthy  in  texttu*e, 
with  a  prevailing  dirty-green  or  purplish  colour.  Coarser 
gravelly  varieties  also  exist,  which  pass  gradually  into 
volcanic  agglomerate.  In  the  central  valley  of  Scotland 
there  is  a  vast  quantity  of  such  tuff  interstratified  with  the 
ordinary  sedimentary  rocks ;  Dr.  A.  Gbikie  describes  it  as 
made  up  of  a  paste  of  abraded  dolerite  rocks,  with  fragments 
of  these  rocks  and  of  shale,  sandstone,  limestone,  etc.  It 
has  a  prevalent  green  colour  and  is  usually  well  stratified, 
but  a  nodular  or  cannon-ball  structure  is  not  uncommon. 
Similar  greenstone  tuffs  occur  in  County  Limerick,  Ireland, 
and  some  of  these  contain  fragments  of  vesicular  green- 
stone (P  Dolerite),  such  as  is  not  known  anywhere  in  the 
neighbourhood :  these  fragments  are  probably  portions  of 
the  upper  scoriaceous  surface  of  the  lava  which  was  then 
rising  in  the  ancient  volcano  from  which  the  tuffs  were 
ejected  (Jukes). 

Pumiceous  8(md, — ^Fine  comminuted  pumice  is  some- 
times ejected  from  volcanoes  and  distributed  over  large  areas, 
forming  beds  of  light  grey  sand  which  may  be  interstratified 
with  volcanic  ash  and  lava,  or  with  aqueous  sedimentary 
deposits. 

A   A 
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Altered  Igneous  Bocks. 

Those  metamorpliic  rocks  which  have  resulted  from  the 
alteration  of  Igneous  rocks  will  be  described  in  a  future 
chapter,  but  a  list  of  them  may  be  given  here : — 

OneisHc  Ghranite,  Schorhiceous  Qrcmite,  Evntter'tock,  and 
Oreisaen,  are  altered  granites. 

Euphotide  is  altered  Qubbro ;  Diabase  and  some  HorU' 
blende  Schists  are  altered  Dolerites  and  Diorites. 

Serpentines  are  altered  Peridotites. 

Porphyroid  and  SchaJstein  are  altered  volcanic  tuffs. 

Palagonite  is  generally  altered  volcanic  glass. 


CHAPTEE  rV. 

DEBIYATIYE   OB  STBATIFIED    BOCKB. 

THEIR  Origin  and  Composition.— In  Chapter  III. 
we  have  examined  the  igneous  rocks  which  come  from 
the  interior  of  the  earth,  and  we  have  seen  that  they  are 
essentially  siliceous,  some  of  them,  especially  the  granites, 
containing  crystals  of  pure  silica,  and  all  of  them  contain- 
ing silicate  of  alumina.  Now  pure  sand  consists  of  grains 
of  quartz,  and  pure  clay  consists  of  silicate  of  alumina 
combined  with  water.  It  is  obvious,  therefore,  that  clay 
and  sand  may  be  formed  by  the  detrition  and  destruction 
of  an  igneous  rock,  such  as  granite,  and  this  process  may 
be  actually  watched  wherever  granite  rocks  are  exposed  to 
the  erosive  action  of  water. 

All  the  sandy  (arenaceous)  and  all  the  clayey  (argil- 
laceous) deposits,  therefore,  which  are  met  with  in  the 
earth*s  crust,  have  been  derived  from  some  previously 
existing  rocks,  and  these  older  rocks  must  either  have  been 
igneous  rocks,  or  must  originally  have  been  derived  from 
some  igneous  rock. 

Similarly  the  siliceous  and  calcareous  rocks  of  organic 
origin  have  been  formed  out  of  the  silica  and  carbonate  of 
lime  held  in  solution  by  the  sea-water;  these  materials 
having  been  primarily  derived  from  the  decomposition  of 
the  soluble  silicates  contained  in  igneous  rocks. 

The  varieties  of  rock  produced  by  the  intermixture  of 
the  aluminous,  quartzose,  and  calcareous  elements  are  very 
numerous.  The  proportions  of  these  ingredients  in  any 
deposit  will  depend  partly  on  the  character  of  the  rocks 
•exposed  to  erosion  in  the  area  whence  the  chief  supply  is 
tderived,  and  partly  on  the  amount  of  matter  contributed 
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bj  organisms  to  the  sediment  which  is  accumulating 
below.  Thus  th^  chemical  composition  of  any  stratified 
rock  is  generally  very  variable:  sands  and  sandstones 
frequently  contain  fragments  of  other  minerals  besides 
qusixtz ;  clay  almost  always  contains  a  certain  amount  of 
Hme  and  iron ;  and  many  limestones  are  rendered  impure 
by  an  admixture  of  clay  or  siliceous  matter. 

Classification  and  Description. — As  already  stated, 
the  whole  group  is  naturaUy  divided  into  two  series — 
A,  the  imaltered  rocks;  b,  the  altered  or  metamorphic 
rocks.  In  the  present  chapter  we  shall  deal  only  with  the 
unaltered  rocks,  and  it  will  be  convenient  to  describe  them 
under  the  following  heads : — 

1.  Arenaceous  rocks. 

2.  Argillaceous  rocks. 

3.  Calcareous  rocks. 

4.  Ferruginous  rocks. 

5.  Carbonaceous  rocks. 

1.  Arenaceous  BoeJes, 

Breccia  is  a  mass  of  a/ngular  fragments,  the  interstices 
between  them  being  filled  either  by  small  d^ris,  sand  and 
dust,  or  by  an  infiltrated  cement  of  carbonate  of  lime  or 
other  mineral  matter  deposited  by  percolating  water.  The 
agencies  by  which  ordinLy  breoci/are  fom^ed  have  been 
described  on  p.  191;  but  Professor  Bonney  has  called 
attention  to  another  class  of  breccias,  which  might  be 
mistaken  for  the  former,  but  have  really  been  formed  in 
a  very  different  manner.  These  he  terms  "  crush  breccias" 
and  believes  them  to  have  resulted  from  pressure  or  strain 
acting  on  a  rock  generally  uniform,  but  containing  wea^ker 
beds  or  portions,  which  have  been  crushed  in  situ  into 
fragments  of  all  shapes  and  sizes.  They  occur  principally 
in  the  older  rocks,  and  when  the  fragments  are  re-cemented 
by  infiltrated  matter  they  closely  resemble  an  ordinary 
breccia. 

Conglomerate  is  a  mass  of  consolidated  gravel  or 
shingle,  the  pebbles  being  rounded  and  water- worn,  and  set 

1  «  Geo!  Mag.,"  Dec.  2,  vol.  x.  p.  436. 
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in  some  kind  of  matrix  which  binds  them  together  into  a 
firm  rock.  The  pebbles  may  consist  of  anj  kiod  of  hard 
rock  or  mineral  which  is  capable  of  resisting  continued 
attrition ;  and  siliceous  substances,  from  their  great  dura- 
bility, are  naturally  the  commonest  constituents.  When 
the  rock  consists  chiefly  of  quartz  pebbles  it  is  called  a 
Quartz-conglomerate;  when  the  pebbles  are  limestone, 
it  is  a  Limestone-conglomerate,  and  so  on.  The  matrix 
enclosing  the  pebbles  also  varies  in  composition;  some- 
times it  is  .only  sand,  and  the  rock  appears  to  have  been 
consolidated  simply  by  pressure,  so  that  the  pebbles  may 
be  removed  by  a  slight  blow;  iq  other  cases  the  matrix 
consists  of  an  infiltrated  cement,  either  calcareous,  ferru- 
ginous, or  siliceous,  and  is  sometimes  so  hard  that  a 
blow  produces  a  clean  fracture  through  both  matrix  and 
pebbles. 

Sandstone  is  consolidated  sand,  and  the  particles  are 
usually  quartz.  Particles  of  flint  or  chert  are  rare,  but 
occur  in  some  Tertiary  sands.  Sandstones  vary  greatly  as 
regards  their  degree  of  consolidation,  from  a  mere  sand- 
rock  which  is  just  compact  enough  to  stand  with  a  vertical 
face,  to  a  hard  and  compact  grUstone,  which  is  capable  of 
being  used  as  a  millstone.  The  size  of  the  grains  also 
varies  from  the  minutest  particles  of  quartz  to  grains  as 
large  as  peas,  the  rock  then  commencing  to  pass  into  a 
conglomerate. 

In  the  case  of  sand  carried  by  water  the  particles  are 
buoyed  up  in  the  liquid,  their  relative  weight  being  less 
and  their  friction  on  the  bottom  and  against  one  another 
being  proportionately  diminished;  under  such  circum- 
stances a  great  amount  of  drifting  and  mechanical  action 
must  be  required  to  wear  down  any  quartz  fragments  into 
round  grains.  As  a  matter  of  fact,  Mr.  Sorby  finds  that 
the  sand  brought  down  by  rivers  is  often  very  little  worn, 
and  that  in  sea-shore  sands  the  proportion  of  well-worn 
grains  does  not  often  exceed  one-half. 

But  when  drifted  and  worn  by  the  wind  in  the  open  air 
the  amount  of  friction  is  necessarily  very  much  greater, 
and  in  sands  so  accumulated  all  the  grains  show  signs  of 
attrition,  most  of  them  being  completely  rounded,  and 
their  surface  more  or  less  roughened. 
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Some  of  the  sandstones  associated  with  shallow-water 
deposits  are  doubtless  ancient  blown  sands  formed  on  ter- 
restrial surfaces,  and  subsequently  covered  by  strata  of 
aqueous  orifs^in.  But  Mr.  A.  B.  Hunt  has  pointed  out  that 
the  sand  of  submarine  shoals  and  sand-banks  is  kept 
almost  constantly  in  motion  by  the  action  of  the  waves, 
and  his  examination  of  fine  sand  from  the  Skerries  shoal  in 
the  English  Channel  showed  that  a  large  proportion  of  the 
grains  were  rounded. 

There  are  many  varieties  of  sandstone  produced  by  the 
admixture  of  other  mineral  substances  with  the  quartz 
grains. 

Micaceovs  sandstone  contains  flakes  of  mica  which  are 
sometimes  so  abundant  as  to  cause  the  rock  to  split  into 
plates  and  slabs  with  glittering  surfaces. 

Felspathic  sandstone  contains  grains  of  felspar,  distin- 
guishable by  their  dtdl  white,  yellow,  or  reddish  colour, 
and  peculiar  fracture,  imparting  an  earthy  appearance  to 
the  rock.  When  coarse  and  resulting  from  the  direct 
detrition  of  granitic  or  gneissic  rocks,  so  that  the  grains  of 
quartz  felspar  and  mica  are  angular  and  plainly  visible,  it 
is  called  Arkose.  When  very  fine,  so  that  the  constituents 
cannot  be  distinguished  without  a  microscope,  it  may  be 
called  a  sandy  mtidstone.  When  compacted  by  pressure 
or  by  the  infiltration  of  a  siliceous  cement,  it  is  known  as 
Oreywa^ke, 

Calea/reous  sandstones, — Of  these,  three  kinds  may  be 
distinguished — 1,  Comstone^  a  fine-grained  rock,  probably  a 
calcareous  silt  cemented  by  crystalline  calcite;  2,  Calcareous 
grit,  a  coarse-grained  sandstone,  the  separate  grains  of 
which  are  cemented  together  by  crystalline  calcite ;  3,  Sand- 
stone, the  component  grains  of  which  are  embedded  in 
large  crystals  of  calcite.  These  crystals  form  a  kind  of 
mosaic,  and  each  includes  a  portion  of  the  original  sub- 
stance of  the  rock. 

Argillaceous  sandstones,  or  consolidated  silts,  are  always 
fine-grained,  and  generally  more  or  less  laminated,  so  as 
to  split  easily  along  the  planes  of  bedding ;  they  are  then 
called  Flagstones,  and  generally  contain  a  proportion  of 
felspathic  or  micaceous  material. 

Olauconitic  sandstone  is  one  in  which  grains  of  glauconite 
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are  conspicuous,  giving  the  whole  a  greenish  tint.  The 
softer  kinds  are  usually  called  Oreensand,  Some  glauco- 
nitic  sandstones  become  calcareous  grits  by  the  infiltration 
of  a  calcitic  cement.  Oaize  is  a  fine-grained  micaceous  and 
glauconitic  sandstone,  occurring  among  the  cretaceous 
rocks  of  France  and  England. 

Mahnstone,  as  understood  in  England,  is  a  siliceous  rock, 
but  the  silica  is  chiefly  in  a  colloid  state,  and  derived  from 
an  oiganic  source.  It  is  a  fine-grained  whitish  rock,  which 
looks  like  chalk  at  a  little  distance,  and  it  is  sometimes 
calcareous  from  an  admixture  of  fine  chalky  matter ;  but  a 
pxu'e  malmstone  is  light  and  porous,  microscopical  exami- 
nation showing  that  it  consists  of  very  minute  globules  of 
colloid  silica  with  numerous  broken  sponge  spicules.  Its 
porosity  is  due  to  minute  cavities  left  by  the  solution  of 
many  of  the  spicules.    This  rock  is  often  called  Firestone. 

Siliceovs  sandgtones. — Under  this  head  may  be  pla<2ed 
those  sandstones  which  are  compacted  into  hard  rock  by  a 
siliceous  cement.  They  are  distinguished  from  quartzite 
by  the  fact  that  the  cement  is  opal  or  chalcedony,  while  in 
quartzite  it  consists  of  crystalline  quartz  formed  in  optical 
continuity  with  the  quartz  of  the  original  sand.  Chalce- 
dony is  the  cement  most  frequently  found,  but  opaline 
cements  are  known,  and  an  opaline  sandstone  containing 
precious  opal  has  recently  been  found  in  the  interior  of 
New  South  "Wales  near  Wincannia. 

Peldan  and  CaUiard  are  miners'  terms  applied  to  beds 
of  hard  fine-grained  siliceous  stone,  which  have  a  smooth 
and  even  fracture. 

Chert  is  a  name  applied  to  auy  siliceous  nodule  or  layer 
consisting  of  earthy  or  organic  particles  embedded  in  a 
matrix  which  shows  the  radiating  fibrous  structure  of 
chalcedony.  Flint  differs  in  having  a  matrix  which  is 
partly  chsJcedonic  and  partly  microcrystalline.  Both  have 
a  glassy  or  flinty  fracture. 

2.  Argillaceous  Bocks. 

Clay  may  be  defined  as  a  consolidated  mud  which  con- 
tains sufficient  hydrated  silicate  of  alxunina  to  be  plastic, 
or  capable  of  being  moulded.     Kaolin,  or  porcelain  clay,  is 
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nearly  pure  clay,  white  and  free  from  iron ;  its  derivation 
from  the  decomposition  of  granite  has  been  described  on 
p.  197.  It  is  now  admitted,  however,  that  the  decaj  of 
orthoclase  results  in  the  formation  of  a  hjdrated  mica  as 
well  as  of  kaolin,  both  being  probably  produced  simulta- 
neously— one  by  a  total  replacement,  the  other  by  a  partial 
replacement  of  the  potash  by  water.  Besides  this  secondary 
mica,  comminuted  primary  mica  seems  to  be  an  essential 
constituent  of  some  clays,  and  they  are  generally  coloured 
by  oxide  or  carbonate  of  iron,  or  by  carbonaceous  matter. 

Some  clays  have,  doubtless,  been  formed  directly  from 
the  waste  of  granite,  gneiss,  or  other  crystalline  rock,  but 
many  are  only  the  washings  of  older  stratified  rocks.  Mr. 
W.  M.  Hutchings  has  lately  made  a  careful  examinatiou 
of  certain  coal-measure  clays,^  and  finds  that  they  have 
resulted  from  the  wear  and  decay  of  a  granitic  rock  which 
consisted  of  quartz,  felspar,  and  two  micas  (muscovite  and 
biotite).  Minute  particles  of  all  these  minemls  can  be  seen 
in  the  clay  under  the  microscope,  but  the  fine  material  of 
the  ground  mass  seems  to  consist  largely  of  a  secondary 
mica.  He  did  not  find  anything  which  could  safely  be 
regarded  as  kaolin,  the  most  minute  flakes  which  could 
be  separated  by  levigation  consisting  of  mica,  and  he  con- 
cludes that  even  the  very  finest  powdery  matter  is  mica- 
ceous. Other  clays  may  be  a  mixture  of  kaolin  with  fine 
micaceous  material,  but  further  investigation  is  required. 

Pipe-clay  is  a  pure  white  clay,  resembling  kaolin,  but 
liable  to  shrink  when  heated,  and  consequently  not  fit  for 
making  china. 

Siliceous  clays. — Fire-clay  contains  a  considerable  quan- 
tity (often  40  or  50  per  cent.)  of  fine  quartz-sand  mixed 
with  the  silicate  of  alumina,  and  a  good  fire-clay  must  be  free 
from  lime,  alkalies,  and  iron,  which  act  as  fluxes ;  it  will 
then  stand  a  very  intense  heat  without  melting.  The  Stour- 
bridge fire-clay  consists  of  about  64  per  cent,  of  hydiated 
silicate  of  alumina,  with  33  per  cent,  of  fine  sand  and  2  per 
cent,  of  iron-oxide.  Tile  and  Pottery  clays  have  a  similar 
composition,  but  generally  contain  a  larger  proportion  of 

^  "GeoL  Mag.,"  Dec.  3,  voL  viL  pp.  264,  316,  and  vol.  viii. 
p.  164. 
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iron.  Fullers*  earth  is  another  siliceous  claj,  which  has 
the  peculiar  property  of  not  being  plastic  in  water,  but 
crumbles  down  into  a  fine  powdery  mud.  The  reason  of 
this  is  not  clearly  known.  From  a  recent  analysis  by  Mr, 
Sanford,  it  appears  to  consist  of  an  intimate  mixture  of 
the  silicates  of  alumina,  iron,  lime,  and  magnesia  (50  to 
55  per  cent.),  fine  sand  (30  to  35  per  cent.),  and  combined 
water  (13  to  15  per  cent.). 

Oannister  is  a  highly  siliceous  fire-clay,  occurring  in  the 
c<5al-measures,  and  largely  used  as  a  material  for  the 
hearths  of  iron-fumaces. 

Marl  is  a  calcareous  clay,  that  is  to  say,  a  clay  which 
contains  a  certain  amount  of  carbonate  of  lime,  and  often 
carbonate  of  magnesia.  When  the  proportion  of  carbonates 
is  high,  it  becomes  a  chalk  marl ;  when  low,  it  is  a  marly 
clay.  Strictly  speaking,  a  marl  should  contain  from  20  to 
50  per  cent,  of  calcareous  matter;  but  many  of  the  so- 
called  marls  contain  so  little  carbonate  of  lime  that  they 
are  really  only  marly  clays. 

The  following  are  analyses  of  marls  and  marly  clays : — 


Silica.    .    .    . 
Alumina .     .    . 
Carbonate  of  Lime 
Carbonate  of  Mag 

nesia  .  .  . 
Magnesia   as  Sili 

cate.  .  .  . 
Oxides  of  Iron  . 
Alkalies  .  .  . 
Water  of  combina 

tion.    .    .    . 


Ghialt, 

Snrrey. 

a  marlj  clay 

(Sanford). 

Reaper 

Marl. 

Worcester 

(Voelcker). 

46-43 

63-62 

18-81 

20-53 

10-50 

7-69 

-96 

510 

•24 

1-69 

9-97 

4-79 

•07 

2-91 

10-48 

4*46 

97-46 

100-78 

Mames 

iru^es. 

Lon^Tille 

(Voelcker). 


Upper 

Oaolt, 

Bedfordehira 

(Severn). 


43-51 
10*16 
18-92 

14-40 

2-10 
5-75 

•88 

4-24 


38-21 

3-90 

53-50 


2-00 
2-00 


99-96 


99-61 


Shale  is  the  general  term  for  a  laminated  clay,  often 
called  Bind  or  Blue-hind  by  miners  and  quarrymen;  by 
colliers  a  carbonaceous  shale  is  called  Batt. 
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Boulder  clay  is  a  clajey  deposit,  full  of  stones  and  boul- 
ders, generallj  unstratified,  and  due  to  the  agency  of  ice. 

3.  Calcareous  Bocks. 

The  processes  by  which  calcareous  rocks  are  formed  have 
been  described  in  Part  I.,  pp.  238  and  273.  These  rocks 
may  be  roughly  divided  into  two  classes  :  (1)  those  which 
are  largely  formed  of  organic  debris — i.e,,  fragments  of  the 
shells  and  skeletons  of  organic  bodies  ;  and  (2),  those  which 
have  been  formed  by  the  precipitation  of  carbonate  of  lime 
from  a  state  of  aqueous  solution.  Those  which  come  under 
the  first  head  are  by  far  the  most  numerous  and  important, 
but  the  proportion  of  recognizable  organic  fragments  in 
such  rocks  varies  greatly,  and  the  interstices  between  these 
f  i*agment8  are  generally  filled  up  by  fine  calcareous  mud  or 
by  a  subsequent  infiltration  of  calcite. 

The  fine  powder  or  paste  which  forms  the  ground  mass 
of  many  limestones  may  itself  be  partly  a  chemical  precipi- 
tate (see  p.  277),  hence  it  seems  probable  that  nearly  all 
calcareous  rocks  contain  a  large  amount  of  chemically 
formed  carbonate  of  Hme,  either  of  contemporaneous  or 
subsequent  formation,  and  with  this  small  quantities  of 
silica  or  iron  are  often  mingled. 

Many  calcareous  rocks  are  very  pure,  but  mechanical  ad- 
mixtures of  clay  or  sand  with  the  calcareous  matter  are  of 
course  frequent,  and  give  rise  to  sundry  lithological 
varieties. 

A  Limestone  may  be  defined  as  a  calcareous  rock 
which  is  sufficiently  coherent  and  consolidated  to  be  called 
stone,  though  it  may  be  soft  or  hard.  Like  all  other 
rocks,  limestones  exhibit  various  degrees  of  consolidation ; 
some  are  compacted  by  pressure,  others  by  the  infiltration 
of  a  crystalline  cement,  and,  in  some  cases,  the  whole 
rock  has  assumed  a  crystalline  structure,  which  completely 
obscures  its  organic  origin.  The  varieties  of  limestone  are 
consequently  very  numerous,  and  their  differences  appear 
to  depend  upon  the  three  following  circumstances : — 

1.  The  nature  of  the  organic  particles,  whether  derived 
from  Corals,  MoUusca,  Crustacea,  Echinoderms, 
or  Foraminifera. 
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2.  The  proportion  of  other  mineral  matter  mingled 

with  these. 

3.  The  extent  of  subsequent  consolidation  by  pressure, 

infiltration,  and  crystallization. 

The  following  are  some  of  the  more  important  and  com- 
mon varieties  of  limestone. 

Shell  limestone  is  a  rock  in  which  the  shell-fragments 
are  large  and  conspicuous,  so  that  the  nature  of  the  organic 
remains  is  easily  ascertained.  Occasionally  some  particular 
fossil  is  so  abundant  as  to  give  its  name  to  the  rock ;  thus 
we  have  the  Pentamerus  limestone  of  Shropshire,  the 
Orthoceras  limestone  of  Sweden,  the  HippvrUe  limestone 
of  Southern  Europe,  and  the  Nummulite  limefdone  from 
the  large  Foraminifera  called  Nummulites. 

Orinoidal  limestone  is  composed  of  broken  fragments  of 
the  Echinoderms  called  Crinoids  or  Encrinites,  and  Coral 
limestone  is  similarly  composed  of  the  broken  fragments  of 
corals  and  nullipores  (see  p.  284). 

Chalk  is  a  white,  earthy,  fine-grained  limestone,  some- 
times soft  and  friable,  sometimes  hard  and  compact. 
Chemical  analysis  shows  that  it  is  very  pure,  the  whiter 
varieties  containing  from  96  to  98  per  cent,  of  carbonate 
of  lime.  Microscopical  analysis  shows  that  it  consists 
partly  of  the  minute  shells  of  Foraminifera,  partly  of  the 
broken  fragments  of  the  shells  of  bivalve  MoUusca,  the 
fibrous  shells  of  a  particular  genus  called  Inoceramus  fur- 
nishing the  greater  number  of  these  fragments.  In  some 
beds  of  English  chalk  these  shell-fragments  are  quite 
equal  in  bulk  to  that  of  the  Foraminiferal  remains,  and  in 
weight  would  far  exceed  the  latter.  Tertiary  chalk  from 
Barbados  and  the  Pacific  (New  Britain)  has  a  similar  com- 
position, but  the  shell-fragments  are  fewer  and  are  derived 
from  thin  shells,  not  Inocerami, 

Oolite,  or  Boe-stone,  consists  of  a  number  of  small  round 
particles,  about  the  size  of  the  eggs  in  the  roe  of  a  cod-fish. 
These  little  grains  consist  of  carbonate  of  lime  arranged  in 
successive  concentric  coats  round  some  minute  particle  of 
foreign  matter  which  forms  a  nucleus.  This  nucleus  may 
be  a  particle  of  sand,  or  a  minute  fragment  of  coral  or 
any  such  substance.    Some  oolites  simply  consist  of  these 
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spheroidal  grains,  loosely  agglutinated  to  one  another ;  in 
others  the  interstices  are  filled  up  hj  fine-grained,  cal- 
careous mud ;  others  are  cemented  bj  an  infiltration  of 
crystalline  calcite.  They  usually  form  freestones,  or  rocks 
which  can  be  cut  with  equal  facility  in  any  direction; 
Bath-stone  is  a  familiar  example.  The  occurrence  of  ooUtic 
rock  in  recent  coral-reefs  has  been  mentioned  on  p.  285. 
Pisolite  is  a  variety  in  which  the  grains  are  as  la3rge  as 
peas. 

LUhographie  limestone  is  a  very  pure,  fine-grained  lime- 
stone, containing  aa  much  carbonate  of  lime  as  the  purer 
varieties  of  chalk,  and  equally  free  from  grit  and  other 
impurities,  but  very  much  harder  than  chalk. 

Marble, — This  name  is  popularly  applied  to  any  compact 
limestone  which  is  sufficiently  hard  to  take  a  polish,  but 
geologists  confine  the  term  to  limestones  which  are  in  a 
highly  crystalline  condition,  owing  to  contact  with  igneous 
rock,  or  other  causes  as  yet  little  imderstood. 

8iliceoti8  limestones  contain,  as  their  name  implies,  a 
certain  amount  of  silica  diffused  through  the  calcareous 
mud.  They  are  always  fine-grained  and  hard,  breaking 
with  a  splintery  or  conchoidal  fracture.  Limestones  which 
contain  a  small  amount  of  silica  and  alumina  afford  the 
materials  of  hydraulic  cement,  and  are  called  Hydratdic 
limestones.  According  to  Gmelin,  hydraulic  cement  is  a 
pasty  admixture  of  lime,  silica,  and  water,  which  when 
immersed  in  water  is  gradually  converted  into  a  hydrated 
silicate  of  lime.  When  the  silica  is  in  the  larger  propor- 
tion, the  stone  is  called  a  Cherty  limestone. 

Argillaceous  limestone  contains  a  variable  admixture  of 
clayey  matter.  Some  varieties  of  hydraulic  limestone  would 
come  under  this  denomination. 

Marl  is  a  term  which  is  used  very  loosely ;  some  deposits 
being  called  marl  which  are  really  clay  (see  p.  364),  and 
others  being  generally  called  clays  which  are  really  marls* 
ChaUe-marl  is  a  very  calcareous  marl,  or  impure  chalk. 
Clunch  is  a  hard  and  tough  variety  of  marl.  A  marly 
limestone  is  often  called  a  Marlstane, 

The  following  are  analyses  which  show  the  composition 
of  some  of  the  rocks  above  mentioned : — 
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Analyses  of  Compact  Limestones. 


Lithographio 
limestone. 

Bath 
OoUte. 

Devonfan 
Marble. 

Wenlock 
Limestone. 

Carbonate  of  Lime 

Carbonate  of  Mag- 
nesia   .... 

Silica 

Oxides  of  Iron  and 
Alamina  .    .    . 

Water  and  Iors.    . 

96-24 

-21 

-    2-02 

1-63 

94-59 
2-50 

1-20 
1*71 

94-00 

•08 
3*30 

1-90 

•72 

74-64 

2-51 
20-03 

2-38 
-09 

100-00 

10000 

100-00 

99-65 

Analyses  of  Chalky  Lim^dones, 


Upper 
Chalk, 
Kent. 

Middle 

Chalk, 

Weetbnrjr. 

Grey 

Chalk, 
Famham. 

Chalk 

Marl, 

Wiltehire. 

Carbonate  of  Tiime 

Carbonate  of  Mag- 
nesia   .... 

Sulpbate  of  Lime  . 

SiUca 

Oxides  of  Iron  and 
Alnmina  .    .    . 

Alkalies  and  loss  . 

98-52 

•29 
-14 
-65 

•40 

9362 

•18 

•13 

111 

2-67 
2-26 

85-95 

1-18 

•10 

9-37 

1-94 
1-47 

70-80 

1-72 

2-65 

22-80 

102 
1-00 

10000 

99-97 

100  01 

99-99 

Ma^gnesiam,  Ivmesione,  or  Dolomite,  is  of  variable  chemical 
compositioii ;  the  ingredients  are  the  carbonates  of  lime 
and  magnesia,  but  the  proportions  of  these  minerals  vary 
very  much.  A  dolomitic  or  magnesian  limestone  generally 
has  a  gritty  texture,  and  is  often  cellular  or  cavernous ;  its 
colour  is  usually  some  shade  of  yellow  or  brown.  When 
regularly  bedded  it  often  makes  a  good  building  stone,  but 
occasionally  it  has  a  tendency  to  assume  nodular  and  con- 
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cretionarj  forms.  These  sometimes  resemble  cannon-baJls 
scattered  through  the  rock,  and  are  sometimes  grouped 
together  like  bunches  of  grapes.  This  nodular  structure 
may  be  seen  in  the  cliffs  of  mcu^esian  limestone  near 
Sunderland,  whence  balls  from  three  to  six  inches  in  dia- 
meter may  be  extracted;  these  consist  mainly  of  calcic 
carbonate  in  crystals  which  radiate  from  the  centre,  while 
the  horizontal  lines  of  lamination  -may  be  traced  across 
them,  showing  that  the  nodules  are  of  subsequent  forma- 
tion. 

We  have  seen  (p.  287)  that  some  dolomites  may  have 
been  formed  by  direct  chemical  precipitation,  but  others 
have  undoubtedly  been  produced  by  the  subsequent  dolo' 
mitiaation  of  ordinary  limestone.  It  is  probable  that  this 
dolomitization  is  effected  by  the  percolation  of  water  con- 
taining some  salt  of  magnesia  in  solution.  Cases  occur 
where  a  portion  only  of  a  limestone  mass  has  been  thus 
altered,  the  dolomite  occurring  as  a  broad  rib  bounded  by 
joint  planes ;  in  other  cases  a  single  bed,  or  group  of  beds, 
has  been  dolomitized ;  the  mode  of  alteration  being  doubt- 
less determined  by  the  comparative  facility  with  which 
water  could  pereohite  either  down  the  joints  or  along  the 
bedding  planes  of  the  rock. 

It  has  been  thought  that  the  peculiar  structure  of  mag- 
nesian  limestone  is  due  to  the  diminution  in  bulk  conse- 
quent on  the  conversion  of  part  of  the  carbonate  of  lime 
into  dolomite.  This  substance  is  denser  than  caldte,  having 
a  specific  gravity  of  about  2*9  compared  with  2*7  of  calcite, 
and  its  formation  may  produce  a  general  contraction  of 
the  rock-mass,  which  results  in  the  development  of  the 
cellular  structure. 

Tufaceoua  limestone, — ^This  is  always  of  fresh-water  or 
terrestrial  origin,  and  has  the  same  variable  structure  as 
recent  tufa  or  travertine  (see  p.  204),  being  sometimes  friable 
and  cellular,  sometimes  hard  and  rough,  and  sometimes 
partly  crystalline. 

BitwminouB  limestone  is  a  black  rock  containing  much 
carbonaceous  matter  derived  from  the  decay  of  animal 
or  vegetable  matter.  Many  dark  limestones  emit  a  fetid 
smell  when  struck  by  a  hammer,  probably  from  the  pre- 
sence of  animal  matter,  and  the  smell  is  sometimes  so 
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strong  that  the  quarries  can  be  smelt  at  a  distance  of  a 
hundred  yards.  To  such  fetid  limestones  the  Germans 
give  the  name  of  gtinketein. 

Olauconite  marl  or  limestone  is  one  containing  numerous 
grains  of  the  mineral  called  Glauconite.  The  basement 
beds  of  the  chalk  in  the  southern  and  central  parts  of 
England  are  glauconite  marls.  Bargate  Stone  and  Kentish 
Bag  are  glauconite  limestones. 

Gypsum,  or  hydrous  sulphate  of  lime,  occurs  in  layers 
and  beds  of  various  thicknesses.  The  thin  beds  and  veins 
are  generally  fibrous,  being  made  up  of  long  acicular  crys- 
tals, which  are  disposed  at  right  angles  to  the  bounding 
surfaces ;  but  in  thicker  beds  the  texture  is  often  granular. 
The  gypsum  of  Montmartre,  from  which  plaster  of  Paris  is 
derived,  is  chiefly  granular,  each  bed  being  composed  of 
many  layers  of  little  crystals,  slightly  differing  in  colour 
and  texture,  giving  the  mass  a  laminated  appearance.  In 
an  instance  observed  by  Mr.  Jukes  at  Montmartre,  a  bed 
composed  of  such  crystalline  layers  was  traversed  by  the 
cleavage  planes  of  a  subsequent  and  more  massive  crys- 
tallization. Anhydrite,  the  non-hydrated  form  of  calcium- 
sulphate,  is  sometimes  found,  but  when  exposed  it  absorbs 
water  and  becomes  gypsum. 

Although  not  a  calcareous  rock,  it  is  convenient  to  con- 
sider rock-salt  here,  as  it  does  not  come  into  any  of  the 
other  classes. 

Rock  Salt,  or  chloride  of  sodium,  is  generally  found  in 
lenticular  bed-like  masses  of  greater  or  less  extent  and 
thickness.  In  England  and  Ireland  it  commonly  occurs  as 
a  rudely  crystalline  mass,  which  is  frequently  stained  red 
by  the  admixture  of  ferruginous  clay ;  the  beds  are  often 
from  60  to  80  feet  thick,  but  probably  thin  out  in  aU  direc- 
tions. In  the  Carpathian  moimtains  there  are  a  series  of 
salt-beds,  which  in  some  places  make  up  a  thickness  of 
1,200  feet,  and  extend  for  a  distance  of  500  miles. 

4.  Fermgimms  Bocks, 

Ironstone  is  a  popular  name  for  any  rock  which  contains 
sufficient  iron  to  be  worth  smelting,  consequently  there  are 
a.s  many  different  kinds  of  ironstone  as  there  are  of  lime- 
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stone,  and  the  iron  is  sometimes  in  the  state  of  carbonate 
and  sometimes  of  oxide. 

ArgUUbceouB  ironstone,  or  clay  ironstone,  consists  mainlj 
of  carbonate  of  iron  (60  to  65  per  cent.),  with  Yarying- 
amounts  of  carbonate  of  lime,  clay,  and  silt.  The  coal- 
measure  ironstones  are  of  this  kind;  they  occur  in  nodular 
layers  and  irregular  beds,  from  a  few  inches  to  seyeral  feet 
in  thickness.  The  lai^,  heavy  nodules  or  concretions  which 
occur  in  many  clays  contain  much  carbonate  of  iron.  The 
Blackband  ironstones  of  Scotland  consist  of  carbonate  of 
iron  mixed  with  15  or  20  per  cent,  of  carbonaceous  or 
coaUy  matter,  so  that  they  can  be  calcined  with  very  little 
fuel. 

Siliceous  ironstone, — When  the  iron-ore  is  mixed  with 
sand  we  have  a  siliceous  ironstone  or  a  ferruginous  sand- 
stone, according  to  the  relative  proportions  of  the  two 
materials.  Such  a  rock  is  the  Northcumpton  ironstone.  This 
now  consists  of  hydrated  peroxide  of  iron  and  siliceous 
matter ;  but  the  iron  was  originally  in  the  form  of  carbon- 
ate, and  has  been  oxidized  by  the  action  of  percolating 
water  charged  with  carbonic  and  crenic  acids  (see  p.  90). 

Ferru^nous  limestones, — These  are  rocks  which  have 
originally  consisted  of  the  carbonates  of  lime  and  iron  in 
varying  proportions,  but  the  action  of  percolating  water 
has  always  oxidized  more  or  less  of  the  iron-carbonate,  so 
that  the  surface  portions  of  the  rock  are  decomposed  and 
reddish-brown  in  colour ;  but  when  followed  below  a  cover 
of  other  rocks,  or  met  with  in  boring  or  sinking,  such  a 
rock  is  bluish-grey  in  colour.  The  Marlstone  rock  of  the 
Lias  is  a  ferruginous  limestone  of  this  kind,  and  is  often 
sufficiently  rich  in  iron  to  be  worked.  In  the  Cleveland 
district  of  Yorkshire  it  contains  from  60  to  70  per  cent,  of 
iron-carbonate.  The  TeaJby  ironstone  (Lincolnshire)  is  a 
marlstone  which  is  full  of  small  brown  oolitic  grains  of 
limonite,  and  where  the  stone  is  soft  and  less  rich  in  iron 
it  is  locally  called  Eoach, 

Hosmaiite  sometimes  occurs  in  the  form  of  beds  and 
irregular  masses,  and  is  then  entitled  to  be  called  a  rock ; 
they  generally  occur  in  limestones,  and  seem  to  replace 
portions  of  this  rock,  the  iron  having  been  introduced  in 
solution.    In  many  cases  the  limestone  may  have  been 
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first  converted  into  dolomite.  Sometimes  it  forms  very 
large  masses,  such  as  that  of  the  mountain  called  Pilot 
Knob  in  the  Bockj  Mountains. 

Chalybite  and  Magnetite  also  sometimes  occur  in  masses 
large  enough  to  be  called  rocks,  and  occasionally  form  the 
substance  of  whole  mountains.  The  marlstone  rock  above 
mentioned  is  often  20  to  30  feet  thick,  and  the  Erzberg  at 
Eisenerz,  in  Styria,  which  rises  2,600  feet  from  its  base, 
consists  almost  entirely  of  chalybite.  The  Magnetberg  in 
the  Ural  Mountains  is  wholly  composed  of  magnetite,  and 
G^llivara  in  Lappmark,  a  mountain  2,000  feet  high  and 
three  miles  long,  also  consists  of  magnetite. 

5.  Carbonaceous  Bocks. 

Coal  may  be  defined  as  an  accumulation  of  mineralized 
vegetable  matter,  which  has  lost  much  of  its  oxygen,  and 
has  been  compressed  into  a  rocky  substance.  In  chemical 
composition  it  differs  from  wood  chiefly  in  having  a  less 
proportion  of  oxygen  and  a  greater  proportion  of  carbon. 
In  wood,  the  average  proportions  of  carbon  and  oxygen  are 
respectively  49  and  43  per  cent,  of  the  whole  mass. 

Lignite  is  altered  and  compressed  wood  in  the  first  stage 
of  becoming  converted  into  coal;  it  is  often  quite  black, 
but  stiU  soft  and  woody,  and  contains  from  22  to  25  per 
cent,  of  oxygen. 

Brown  coal  ma,j  be  regarded  as  compressed  and  partially 
carbonized  peat,  but  t^ere  is  often  much  lignite  mixed 
with  it.  In  colour  it  is  generally  brownish  and  soft  when 
quarried,  but  sometimes  it  is  compact  and  nearly  black. 
Its  vegetable  origin  is  generaUy  apparent. 

Cawnel  or  Parrot  coal  is  compressed  vegetable  matter 
which  has  lost  still  more  oxygen,  retaining  only  some  10  or 
12  per  cent.  It  has  a  platy  fracture,  and  is  generally  bright 
and  shining,  but  sometimes  dull  and  earthy,  its  appearance 
depending  on  the  amount  of  dust  and  ash  it  holds.  It  does 
not  soil  the  fingers,  and  always  bums  brightly,  hence  the 
name  of  "  cannel,"  or  candle-coal.  It  often  takes  a  good 
polish,  and  can  be  worked  like  jet,  which  is,  in  fact,  a 
similar  substance  found  in  smaller  quantities. 

Common  hovsC'Coal  is  hard  and  compact,  though  often 
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brittle,  breakilig  generally  into  cuboidal  lumps.  There 
are  three  marked  varieties:  (1)  Caking  eocU,  which  rons 
together  into  clinkers  or  cinders  :  the  Newcastle  coals  are 
of  this  kind.  (2)  Splint  or  Hard  coal,  common  in  Scot- 
land, not  easily  broken  or  kindled.  (3)  Cherry  coal,  which 
is  lustrous,  easily  breakable,  quickly  kindled,  and  does  not 
cake.  To  this  variety  most  of  the  Staffordshire  coals 
belong. 

Anthracite  or  Stone-coal  is  very  hard  and  heavy,  with  a 
glossy  lustre,  and  a  more  completely  mineralized  appear- 
ance. 

The  transition  from  Lignite  to  Anthracite  by  the  gradual 
removal  of  the  oxygen  is  shown  in  the  following  table : — 


Lignite. 

Earthj 

Gftnnel 

Coal. 

Splint 
Coftl. 

Caking       Antlm> 
Coal.            oit«.       1 

1                   1 

Carbon  .... 
Hydrogen  .    .    . 
Oxygen.     .    .    . 
Nitrogen    .     .    . 
Aflh 

65-3 
6-6 

|25-3 

21 

66-4 
7-54 

10-84 
1-36 

13-82 

76-58 
6-50 
8-33 
1-13 
5-46 

84-28 
5-52 
6-22 
2-07 
1-89 

1 
91-44    i 
3-46    1 
2-58    , 
0-21    . 
2-31    I 

Bitumen  or  Asphalt  is  a  light,  brittle,  black,  or  nearly 
black  mineral,  some  varieties  much  resembling  cannel 
coal,  but  differing  in  being  soluble  in  turpentine  and  in 
melting  under  the  influence  of  heat.  It  contains  much 
more  hydrogen  than  coal,  and  belongs  to  the  group  of 
substances  known  as  Hydrocarbons.  It  occurs  in  lenticular 
lumps  and  masses  among  shales  and  flaggy  sandstones, 
and  sometimes  forms  layers  of  considerable  extent,  as  in 
the  island  of  Trinidad  (West  Indies). 

Petroleum  is  a  liquid  hydrocarbon,  some  varieties  being 
thin  and  clear,  others  thick  and  viscid,  like  tar.  Being 
liquid,  it  is  not  confined  to  the  rocks  in  which  it  was  first 
generated,  but  makes  its  way  along  cracks  and  fissures, 
and  even  rises  to  the  surface  in  the  manner  of  an  artesian 
spring.  Hence  it  occurs  in  rocks  of  all  kinds  and  ages. 
Some  shales  and  sandstones  hold  large  quantities  of  it, 
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and  shale  which  is  so  saturated  as  to  yield  oil  on  slow 
distillation  is  known  as  oUshale,  A  good  oil-shale  may  be 
known  by  the  peculiarity  that  parings  made  with  a  Imife 
curl  up  as  they  are  cut.  Qil-shale  is  generally  rich  in 
organic  remains,  especially  of  fishes  and  molluscs,  and  it 
seems  probable  that  in  most  cases  the  oil  has  been  derived 
from  the  decay  of  these  creatures.  The  richer  shales  yield 
from  80  to  40  gallons  of  mineral  oil  per  ton  of  shale. 


CHAPTEE  V. 

STBATIFICATION. 

THE  Formation  of  Strata. — The  descriptions  given 
in  the  first  part  of  this  book  of  the  manner  in  which 
deposits  are  formed  in  the  rivers,  lakes,  and  seas  of  the 
world  are  really  descriptions  of  the  formation  of  strata,  and 
we  have  throughout  assumed  that  the  reader  has  a  general 
comprehension  of  what  is  meant  by  lamination  and  strati- 
fication, so  that  it  is  not  now  necessary  to  enter  into  any 
elaborate  definition  of  these  terms. 

It  is  sufficient,  therefore,  to  say  (1)  that  stratification  is 
the  arrangement  of  deposited  matter  in  regular  layers  or 
strata ;  (2)  that  lamination  is  a  structure  possessed  by  cer- 
tain strata  which  separate  into  still  thinner  layers  or 
laminae,  each  of  which  is  a  separately  deposited  film  of 
sediment. 

LaminsB  and  strata  are  formed  in  exactly  the  same  way, 
by  the  deposition  of  successive  layers  of  material,  and  the 
difference  between  them  is  simply  that  of  the  thickness 
accumulated  between  the  pauses  of  deposition ;  these  pauses 
being  marked  by  the  planes  along  which  they  separate. 

All  stratified  rocks,  whether  coarse  or  fine  in  texture, 
split  into  beds  or  strata,  which  may  be  of  any  thickness 
from  an  inch  to  several  feet ;  but  it  is  only  rocks  of  fine  tex- 
tare  which  split  into  laminse.  In  some  cases  fifty  or  sixty 
separate  laminse  may  be  counted  in  the  thickness  of  an 
in^in  others  the  hLinte  are  only  discernible  as  bands  of 
colour,  or  as  forming  a  kind  of  grain  in  the  rock,  so  that  it 
splits  most  readily  in  a  direction  parallel  to  the  planes  of 
bedding. 

These  general  facts  of  lamination  and  stratification  are 
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represented  in  fig.  88,  where  seven  different  beds  succeed 
one  another  in  regular  order ;  the  dotted  beds  being  meant 
for  sandstones,  the  lined  beds  for  shales,  and  the  plain  beds 
at  the  top  for  limestones.  In  the  limestones  no  lamination 
is  visible;  in  the  sandstones  it  is  just  visible  by  the 
arrangement  of  the  component  particles  along  lines  which 
produce  a  definite  "  grain  " ;  lastly,  the  beds  of  shale  are 
fissile  or  divisible  into  separate  laminse. 

Since  in  one  bed  or  stratum  of  shale  there  are  a  certain 
number  of  laminae,  say,  for  instance,  it  is  composed  of  fifty 
such  laminsB,  and  since  each  of  these  was  separately  de- 
posited, it  follows  that  so  many  separate  acts  of  deposition 


Fig.  88.    Lamination  and  Stratification. 

took  place  in  the  making  of  that  single  stratum,  and  that 
its  production  was  a  process  involving  a  considerable 
amount  of  time. 

Lamination  does  not  depend  on  the  fineness  of  the  mate- 
rial, nor  altogether  on  the  presence  of  flaky  minerals  such 
as  mica,  but  chiefly  on  the  manner  in  which  the  material 
was  spread  out.  The  want  of  lamination  may  be  due  to 
the  continual  subsidence  of  fine  sediment  for  a  long  time 
without  any  pause  in  the  deposition,  so  that  the  whole 
forms  an  inseparable  bed  or  mass  of  clay  or  marl ;  or  it 
may  be  due  to  the  rapid  accumulation  of  a  large  quantity 
of  sediment  at  once,  the  result,  perhaps,  of  a  single  flood, 
as  in  the  case  of  some  beds  of  sand  or  graveL 

Length  of  the  Intervals  between  Beds. — The  in- 
tervals or  periods  of  non-deposition  marked  by  the  planes 
of  separation  between  beds  must   vary  considerably  in 
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length.  The  interval  between  the  formation  of  two  con- 
tiguous beds  of  similar  lithological  character  is  not  likelj 
to  have  been  so  long  as  that  between  beds  of  different 
lithological  character.  In  a  series  of  sandstones,  for 
example,  the  pauses  between  the  deposition  of  the  succes- 
sive beds  may  not  have  been  longer  than  the  intervals 
between  successive  tides,  and  it  is  clear  at  any  rate  that 
the  same  physical  conditions  which  favoured  the  deposition 
of  the  first  beds  were  continued  during  the  deposition  of 
the  succeeding  beds. 

On  the  other  hand,  in  such  a  series  of  strata  as  those 
represented  in  fig.  88,  where  each  superimposed  bed  is 
different  to  that  on  which  it  rests,  the  intervals  between 
the  beds  represent  pauses  during  which  some  change  took 
place  in  the  surrounding  physical  conditions,  l^us,  in 
the  case  of  a  shale  resting  on  a  sandstone,  we  must  sup- 
pose some  alteration  to  have  occurred  either  in  the  velo- 
city of  the  currents,  or  in  the  geography  of  the  district. 
The  change  may  have  resulted  from  a  diminution  in  the 
strength  of  the  current,  so  that  it  could  only  transport  mud 
to  the  place  where  it  previously  brought  sand ;  or  from  the 
introduction  of  a  fresh  current  carrying  mud  only  instead 
of  sand ;  or,  lastly,  from  the  depression  of  the  land  whence 
the  supply  was  obtained,  so  that  the  distance  from  the 
shore  was  increased,  and  only  finer  sediment  could  be 
deposited. 

In  the  case  of  a  sandstone  succeeding  shale,  we  should 
assume  the  reversal  of  one  of  the  causes  above  mentioned, 
either  an  increase  in  the  velocity  of  the  current,  or  the  in- 
gress of  a  sand-bearing  current,  or  the  general  elevation  of 
the  coast,  which  would  probably  change  the  set  of  the  cur- 
rents altogether.  A  limestone  resting  either  on  shale  or 
sandstone  would  lead  us  to  conclude  that  similar  changes 
were  carried  on  to  a  still  greater  extent,  till  they  resulted 
in  the  cessation  or  diversion  of  all  mud-bearing  currents, 
and  a  long  period  of  rest  or  slow  subsidence  ensued,  during 
which  the  limestone  was  slowly  formed  by  the  accumula- 
tion of  shells  and  other  calcareous  structures  secreted  by 
the  various  animals  which  lived  in  the  clear  waters. 

A  shale  overlying  a  limestone  is,  of  course,  the  reverse 
of  the  case  just  mentioned,  and  the  invasion  of  clear  water 


^j ..jTents  can 

V&i'fKepresents 
■»•■»■ 


'-Jf  -u*  •a'^-M*  -a-  •«•  ■« •  -«•  -tt-  •»■ 


376 


STRUCTURAL  GEOLOGY. 


[PABT  II. 


The  lowermost  beds  in  this  quarry  consist  of  the  Port- 
land Oolite  (1,  2),  full  of  marine  shells ;  upon  this  marine 
limestone  rests  a  thin  seam  of  black  earth  (3),  full  of  vege- 
table remains.  Above  this  are  beds  of  limestone  (4),  con- 
taining  fresh-water  fossils,  and  this  is  succeeded  by  a 
thicker  seam  of  vegetable  earth  (5),  full  of  the  roots, 
trunks,  and  branches  of  ancient  trees ;  this  is  locally  known 


8.  Shaly  limestone. 


7.  Clay  parting. 
6.  Shaly  limestone. 


5.  "Dirt  bed"  with 
tree  stamps. 


4.  The  "Cap"  Ume- 
stone. 

3.  Dirt  bed. 
2.  SkoUcap. 

Thin  layer  of  clay. 

1.  The  Roach  (Port- 
land). 


Fig.  90.    Porbeck  Beds  at  Portland.    Total  thickness  about 

30  feet. 

as  the  "  dirt-bed."  Above  come  finely  laminated  lime- 
stones (6,  7,  8),  of  fresh-water  origin. 

The  most  remarkable  fact  here  exhibited  is  the  position 
of  the  trees  in  the  dirt-bed,  for  they  are  still  erect  in  the 
position  of  growth,  with  their  roots  in  the  vegetable  soil 
and  their  trunks  extending  into  the  limestone  above.  The 
interpretation  of  these  facts  is  as  follows : — 

The  sea-bottom,  represented  by  beds  1  and  2,  was  ele- 
vated into  dry  land  on  which  many  kinds  of  plants  grew 
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in  great  luxuriance  and  contributed  their  remains  to  the 
formation  of  the  yegetable  mould  (3).  A  change  then 
occurred  which  converted  this  part  of  the  terrestrial  sur- 
face into  a  fresh- water  lake,  and  led  to  the  deposition  of 
the  limestone  (No.  4).  This  lake,  however,  graduaUj  silted 
up,  and  part  of  it  passed  into  the  condition  of  a  swamp  or 
fen,  which  was  favourable  to  the  growth  of  an  extensive 
forest.  The  lapse  of  time  represented  by  the  accumula- 
tion of  this  little  bed  of  12  inches  in  thickness  must  be 
ver J  great :  time  for  many  generations  of  trees  to  grow, 
flourish,  and  decay. 

Dr.  Mantell  has  thus  described  the  scene  presented  by 
the  quarry  in  1832,  when  a  large  surface  of  the  dirt-bed 
had  been  cleared  for  removal.^  "  The  floor  of  the  quarry 
was  literally  strewn  with  fossil  wood,  and  before  me  was  a 
petrified  forest,  the  trees  and  the  plants,  like  the  inhabi- 
tants of  the  city  in  Arabian  story,  being  converted  into 
stone,  yet  still  remaining  in  the  places  which  they  occupied 

when  alive The  upright  trunks  were  generally  a  few 

feet  apart,  but  3  or  4  feet  high  ;  their  summits  were  broken 
off  and  splintered,  as  if  they  had  been  snapped  or  wrenched 
off  by  a  hurricane  at  a  short  distance  from  the  ground. 
Some  were  2  feet  in  diameter,  and  the  united  fragments  of 
one  of  the  prostrate  trunks  indicated  a  total  length  of  from 
30  to  40  feet.  In  many  specimens,  portions  of  branches 
remained  attached  to  the  stem.  The  external  surface  of  all 
the  trees  I  examined  was  weather-worn,  and  resembled  that 
of  posts  and  timbers  of  groins  or  piers  within  reach  of  the 
tides,  and  subjected  to  the  alternate  influence  of  the  water 
and  atmosphere ;  there  were  but  seldom  any  vestiges  of 
the  bark." 

It  is  plain  that  the  forest  was  destroyed  by  the  depres- 
sion of  the  district,  and  the  consequent  influx  of  the  lacus- 
trine waters.  Layer  after  layer  of  calcareous  mud  was  de- 
posited over  stems  and  roots,  until  the  old  forest  was 
buried  under  many  feet  of  limestone.  To  accomplish  this 
change  must  have  taken  a  considerable  length  of  time. 

The  Law  of  Vertical  Succession  or  Superposi- 
tion.— The  simple  facts  which  have  just  been  described 

'  "  Wonderfl  of  Greology,"  seventh  edition,  p.  400. 
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form  the  basis  upon  whicli  the  whole  fabric  of  historical 
geology  is  founded.  In  any  succession  of  beds  each  one 
represents  the  conditions  which  prevailed  over  a  certain 
area  for  a  certain  length  of  time ;  the  lowest  is  the  oldest, 
the  uppermost  is  the  newest,  and  the  relative  age  of  the 
others  is  indicated  by  their  relative  position.  In  order  to 
mark  this  fact,  geologists  are  in  the  habit  of  numbering 
such  a  succession  of  strata  from  below  upwards,  so  that  if 
the  beds  represented  in  fig.  88  were  observed  in  a  cliff  they 
would  be  described  as  follows : — 

No.  Beds.  Thickness. 

7.  Compact  limestone     ...  8  feet. 

6.  Argillaceous  limestone  .     .  1 

5.  Laminated  shale   ....  4 

4.  Flaggy  sandstone  ....  3 

3.  Laminated  shale   ....  3 

2.  Fine-grained  sandstone  .     .  2 

1.  Sandy  conglomerate  ...  3 

Alternation  and  Inter- stratification  of  Beds. — A 
series  of  beds  which  have  been  uniformly  and  consecutively 
deposited  generally  preserve  a  certain  regular  order  in  their 
vertical  succession.  Beds  of  very  fine  and  very  coarse 
texture  are  seldom  in  contact  with  one  another,  except 
where  the  lower  stratum  has  suffered  erosion  before  the 
deposition  of  the  upper  stratum,  which  then  rests  upon  a 
surface  of  denudation.  In  a  natural  and  normal  series, 
therefore,  deposited  during  a  period  of  continued  depres- 
sion, conglomerates  are  covered  by  sandstones,  sandstones 
are  succeeded  by  shales  or  clays,  and  these  are  followed  by 
marls  or  limestones,  as  in  fig.  88. 

Similarly,  if  a  marine  area,  on  the  bottom  of  which 
calcareous  deposits  have  been  formed,  is  affected  by  a  move- 
ment of  elevation,  the  clear  water  is  first  invaded  by  gentle 
currents  which  introduce  finely  divided  mud  before  it  is 
traversed  by  those  of  sufficient  strength  to  carry  the  coarser 
material  of  sand.  Pauses  in  this  process,  or  alternate  move- 
ments of  elevation  and  subsidence,  will  of  course  occasion 
corresponding  alternations  in  the  succession  of  deposits. 

It  is  seldom  indeed  that  the  change  from  one  kind  of 
deposit  to  another  is  sudden  and  complete ;  where  a  sand- 
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stone  passes  verticallj  into  a  shale,  there  is  usually  a  space 
where  beds  of  shale  and  sandstone  alternate  with  each 
other,  or  where  laminated  sandstones  form  a  passage  from 
the  arenaceous  to  the  argillaceous  strata.  Similarly,  where 
a  shale  is  succeeded  by  a  limestone,  the  lower  beds  of  the 
latter  are  usually  separated  by  layers  of  shale.  Two  kinds 
of  rock  occurring  alternately  in  this  way  are  said  to  be 
interbedded  or  interstratified  with  one  another,  as  in  the 
case  of  the  limestones  and  dirt-beds  in  fig.  90. 

In  such  an  alternating  series  we  generally  find  that  there 
is  a  certain  association  between  beds  of  finely  divided  and 
slowly  accumulated  matter,  and  a  similar  association  of  the 
coarser  and  more  rapidly  formed  sandstones,  pebble-beds, 
and  conglomerates. 

This  association  of  beds  is  particularly  well  exemplified 
in  the  coal-measures,  where  a  bed  of  coal  almost  invariably 
rests  upon  a  layer  of  fine  clay  representing  the  alliaceous 
soil  upon  which  the  coal-plants  grew.  This  layer  is  often 
termed  the  underclay  in  England,  and  the  coal-seat  in  the 
south  of  Ireland.  The  general  order  of  superposition  is, 
(1)  Sandstone ;  (2)  Underclay ;  (3)  Coal ;  (4)  Shale.  The 
roof,  or  argillaceous  bed  above  the  coal,  is  always  more 
shaly  than  the  underclay,  and  there  is  often  shale  below 
the  latter  separating  it  from  the  sandstone.  This  order  of 
succession  is  illustrated  by  the  following  example  taken 
from  one  of  the  memoirs  of  the  Gkological  Survey :  * — 

No.  Beds.  Feet. 

15.  Argillaceoufl  shales 54 

14.  Coal  and  shale 4 

13.  Coal 1 

12.  Underclay 4 

11.  Argillaceous  shale 4 

10.  Sandstone 2 

9.  Argillaceous  shales 23 

8.  Coal 9 

7.  Underclay 3i 

6.  Coal 04 

5.  Underclay 2 

4.  Argillaceous  shales 7 

3.  Sandstone 1 

2.  Argillaceous  shale 2 

1.  Sandstone 6 

'  "  Mem.  Geol.  Survey,"  vol.  i.  p.  210  (Bristol  coalfield). 
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Whether  any  particular  bed  is  thick  or  thin  depends 
upon  the  continuance  or  interruption  of  the  conditions 
which  led  to  its  formation.  For  the  formation  of  a  great 
thickness  of  one  kind  of  rock,  it  is  probably  necessary 
either  that  the  sea  in  which  it  is  being  formed  should  be 
very  deep,  or  that  the  area  of  deposition  should  be  slowly 
and  continuously  subsiding,  without  causing  any  material 
alteration  of  the  currents  emanating  from  the  sources  of 
supply. 

Thick  accumulations  of  one  particular  kind  of  matter 
are  by  no  means  rare.  Sandstones  often  occur  in  an  un- 
interrupted succession  of  beds  for  many  himdreds  of  feet, 
exhibiting  every  variety  of  texture,  from  coarse  pebbly  beds 
to  layers  of  the  finest  possible  grain,  but  without  any 
appreciable  admixture  of  argillaceous  matter.  Similarly, 
beds  of  clay  or  shale  often  form  a  continuous  series  of 
great  thickness  with  hardly  any  intercalations  of  sandy  or 
calcareous  layers.  The  thickness  of  certain  limestone  for- 
mations is  even  greater,  amounting,  in  some  cases,  to 
thousands  of  feet.  Thus  the  chalk  of  England  is  in  some 
places  more  than  1,000  feet  thick,  and  the  dolomite  of 
South  Tyrol  has  a  thickness  of  from  3,000  to  6,000  feet. 

Horizontal  Extent  and  Thinning  out  of  Beds. — 
The  manner  in  which  mechanical  deposits  are  formed  was 
described  in  Part  I.,  Chap.  XTV".,  and  it  was  especially 
pointed  out  that  such  deposits  generally  preserved  a  re- 
gular order  of  succession  from  the  coast  outwards,  the 
size  of  the  transported  particles  decreasing  with  the  dis- 
tance from  land,  the  finest  muds  being  last  deposited,  till 
a  limit  is  reached  beyond  which  no  such  transported 
material  is  found,  and  its  place  is  taken  by  sediment  of 
organic  origin. 

It  is  clear,  therefore,  that  where  such  a  series  of  deposits 
as  that  represented  in  fig.  64  has  been  consolidated  and 
elevated  into  land,  a  geologist  engaged  in  tra<}ing  the  beds 
across  country  in  one  direction,  would  find  them  rapidly 
changing  in  lithological  character ;  the  conglomerates  wiU 
consist  of  smaller  and  smaller  pebbles  till  they  pass  into 
coarse  sandstones,  the  sandstones  will  become  gradually  of 
finer  texture  till,  if  he  can  trace  them  far  enough,  they 
will  pass  into  beds  of  shale  or  clay.    This  change  some- 
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times  takes  place  rapidly,  and  within  the  compass  of  a 
single  group  of  beds;  in  other  cases,  beds  of  sandstone 
alternate  with  the  conglomerates,  and  as  the  latter  gradu- 
ally diminish  in  thickness,  the  former  thicken  and  take 
their  place.  Similarly  beds  of  shale  may  alternate  and 
come  in  between  beds  of  sandstone,  and  where  the  shales 
begin  to  thin  out,  beds  of  limestone  may  commence  and 
finally  take  their  place. 

In  one  locality,  therefore,  we  may  find  a  series  of  lime- 
stones which  may  extend  over  a  large  area,  but  when 
traced  in  one  direction  will  begin  to  be  separated  by  little 
partings  of  shale.  On  following  the  group  of  limestones 
and  shales  still  farther  we  might  find  that  the  shales  be- 
came thicker  and  the  limestones  thinner  as  we  proceeded. 
Finally  some  of  the  limestones  might  thin  out  and  termi- 
nate altogether,  while  beds  of  sandstone  commenced  to 


Fig.  91.    Diagram  of  Lateral  Change. 

appear  between  the  shales,  imtil  at  length  the  series  might 
consist  almost  entirely  of  shales  and  sandstones  with  only 
one  or  two  beds  of  limestone  to  represent  the  purely  cal- 
careous group  with  which  we  commenced.  Under  these 
circumstances  we  should  conclude  that  we  had  been  ap- 
proaching an  ancient  shore-line.  Fig.  91  may  serve  as 
a  representation  of  the  way  in  which  such  lateral  changes 
take  place,  the  white  bands  being  meant  for  limestones, 
the  black  for  shales,  and  the  dotted  bands  for  sandstones : 
the  figure,  however,  is  a  mere  diagram,  and  would  have 
to  be  drawn  out  to  twenty  or  thirty  times  its  length 
before  it  could  be  taken  as  a  representation  of  natural 
deposits. 

Every  bed  is  in  fact  a  great  lenticular  cake  which  thins 
out  and  terminates  somewhere  in  every  direction.  As  a 
general  rule  there  is  a  definite  relation  between  the  extent 
and  composition  of  beds,  viz.,  that  the  finer  the  material 
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of  wbicH  a  bed  is  composed,  the  wider  is  its  extent  and 
the  more  equable  its  thickness.  Indiyidual  beds  of  con- 
glomerate and  sandstone  are  generally  thicker  than  single 
beds  of  shale  or  limestone,  but  they  thin  out  much  more 
rapidly,  while  beds  of  limestone  and  coal  are  often  per- 
sistent over  large  areas,  though  they  may  be  only  a  few 
feet  in  thickness. 

Mr.  Jukes  observes  that  **  the  extent  of  single  beds  is 
most  certainly  ascertained  in  coal  mining,  in  which  the 
horizontal  or  lateral  extension  of  beds  is  followed.  Par- 
ticular beds  of  coal,  or  of  shale,  or  other  rock  having 
recognizable  characters,  are  sometimes  known  to  spread 
throughout  a  whole  district.  For  instance,  in  South 
Staffordshire,  a  bed  of  smooth  black  shale,  a  little  below 
the  Thick  or  Ten-yard  coal,  is  known  as  the  '  Table  batt/ 
It  has  a  thickness  of  from  two  to  four  feet,  and  extends 
over  all  the  greater  portion  of  the  South  Staffordshire 
coal-field — ^places  where  it  is  known  being  ten  or  twelve 
miles  apart  from  each  other  in  different  directions.  Its 
original  extension  was  probably  much  greater,  since  the 
beds  now  disappear  in  one  direction  by  '  cropping  out,'  and 
are  buried  in  others  at  too  great  a  depth  to  be  followed. 
Known  beds  of  coal,  with  a  particular  designation,  such  as 
*  Heathen  coal,'  extend  over  still  wider  areas,  and  similar 
facts  occur  abundantly  in  most  coal-fields.  Mr.  Hull 
states  that  one  bed  of  coal  called  in  part  of  the  Lancashire 
coal-field  the  '  Arley  Mine,'  but  known  by  other  names  in 
other  parts,  spreads  over  the  greater  part  of  the  coal-field, 
which  has  an  area  of  192  square  miles."  ^ 

On  the  other  hand,  beds  of  sandstone  in  the  same  coal 
districts  frequently  thicken  or  thin  out  very  rapidly.  An 
instance  occurs  near  Wednesbury,  in  South  Staffordshire, 
where  a  bed  of  sandstone  known  by  the  name  of  the 
"  New  Mine  Bock  "  thickens  out  from  9  feet  to  78  feet  in 
the  course  of  a  few  yards  horizontal  distance.  In  other 
parts  of  the  district  the  sandstone  varies  from  60  to  15 
feet,  and  in  some  places  is  entirely  wanting. 

A  remarkable  example  of  the  persistence  of  the  coal- 
seams  for   great  distances  and  the  impersistence  of  the 

'  <<  Manual  of  Geology,"  second  edition,  p.  185. 
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mechanical  deposits  is  foiuid  in  another  part  of  the  same 
coal-£eld.  At  Essington  there  is  a  certain  group  of  **  Goal- 
Measures,"  consisting  of  alternations  of  sandstones,  shales, 
and  coals,  and  attaining  a  thickness  of  between  300  and 
400  feet.  This  group,  when  traced  towards  the  south, 
thins  so  rapidly  by  the  gradual  dying  away  of  the  shales 
and  sandstones,  that  in  the  space  of  five  or  six  miles  the 
different  beds  of  coal  come  to  rest  directly  one  upon  the 
other,  and  are  continued  as  a  compound  seam  of  coal,  30 
feet  thick,  with  only  a  few  shaly  partings  between  the 
beds.* 

Groups  and  Episodes. — From  the  explanations  and 
examples  given  in  the  preceding  pages  it  will  be  evident 


a,  Thick  coaL 


Fig.  ©2, 

bf  Thick  coal  gronp  at  Essington. 
c,  Heathen  coaL 


that  when  geologists  speak  of  a  group  of  beds,  they  do  not 
necessarily  mean  a  set  of  beds  of  similar  lithological  com- 
position, but  a  set  of  associated  beds,  connected  together 
both  vertically  and  horizontally,  and  deposited  in  con- 
tiguous areas  during  any  given  period  of  time.  Such  a 
series  is  found  in  the  Carboniferous  or  Mountain  limestone 
group.  In  Derbyshire  this  consists  almost  entirely  of 
limestones,  which  succeed  one  another  in  massive  beds  for 
a  thickness  of  more  than  4,000  feet.  When  traced  north- 
wards, however,  into  Yorkshire,  this  great  group  is 
gradually  replaced  by  a  series  of  shales,  limestones,  and 
sandstones,  which  form  several  minor  groups  or  divisions 
of  the  series. 

^  "  Mem.  Geol.  Survey,  S.  Staffordshire  Coalfield,"  secbnd  edition, 
p.  19. 
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Jukes  long  ago  remarked  ^  that  "  it  occasionally  happens 
tliat  one  large  series  of  beds  having  a  common  character 
includes  in  some  part  of  it  a  small,  distinct  set  of  beds 
with  a  peculiar  character  of  their  own/'  and  he  observed 
that  some  definite  term  was  wa^^ted  to  designate  such  an 
included  set  of  beds.  The  name  he  then  proposed  has, 
however,  been  appropriated  to  express  a  different  idea,  and 
Prof.  J.  F.  Blake  has  recently  introduced  the  term  epiaode,^ 
which  may  be  adopted  as  a  convenient  word  for  in<&cating 
the  relation  above  mentioned. 

An  episode  then  may  be  defined  as  a  small  group  or  set 
of  beds  of  limited  extent  possessing  special  characters 
which  differ  from  those  of  the  normal  series  within  which 
it  is  included.  It  is,  in  fact,  the  lenticular  development  of 
a  special  set  of  beds  formed  under  exceptional  conditions, 
and  therefore  differing  from  those  which  were  formed 
elsewhere  at  the  same  time. 

Current  Bedding.  (1.)  Diagonal  or  Oblique  Bedding. — 
In  fig.  82  the  beds  are  represented  as  horizontal,  each 
stratum  resting  evenly  on  that  below ;  but  stratification  is 
not  always  so  r^xdar  as  this,  because  the  surfaces  on  which 
beds  are  laid  down  are  not  always  so  even  and  horizontal. 
For  instance,  if  a  current  is  running  over  a  surface  which 
ends  in  a  slope,  the  sand,  which  is  being  drifted  along  the 
bottom,  will  roll  down  the  slope  and  remain  undisturbed. 
Layer  after  layer  of  sand  may  thus  be  deposited  in  an 
indined  position  according  to  the  slope  of  the  bank. 
Such  a  set  of  inclined  strata  is  often  formed  where  a  river 
enters  a  lake,  as  described  on  p.  235,  and  is  perhaps  more 
frequent  in  delta  deposits  than  any  others,  because  river 
currents  are,  as  a  rule,  more  steady  and  continuous  in  one 
direction.  An  instructive  instance  has  been  described  by 
Mr.  Jukes  in  his  memoir  on  the  South  Staffordshire  coal- 
field. In  this  case  observations  in  several  quarries  over  an 
area  of  at  least  a  quarter  of  a  square  mile  showed  that  the 
beds  of  sandstone  were  inclined  at  an  angle  of  30°,  and  it 
was  thought  at  first  that  this  inclination  was  due  to  a  sub- 
sequent tilting  of  the  strata  until  another  cutting  was 
found,  which  showed  that  they  rested  on  a  horizontal  bed 

^  '<  Manual  of  Geology,"  second  edition,  1862,  p.  201. 
*  "  Brit.  Assoc.  Rep.  (Sheffield)/'  1879,  p.  33. 
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of  coal,  and  that  it  was  merely  a  case  of  diagonal  bedding. 
Similarly,  near  Corsbam,  in  Wiltshire,  a  group  of  Oolitic 
limestones  may  be  seen  resting  obliquely  on  other  beds  of 
shelly  limestone,  which  are  nearly  horizontal. 

(2.)  CtirviHnear  or  Irregular  Bedding. — This  structure 
is  produced  under  similar  circumstances  to  that  just 
described,  but  should  be  distinguished  from  it,  inasmuch  as 
it  is  always  a  proof  of  frequent  change  in  the  velocity  and 
direction  of  the  currents  by  whose  action  the  deposits  were 
accumulated.  DicLgoncU  bedding  is  produced  by  the  action 
of  a  steady  current  flowing  continuously  in  one  direction. 
Curvilinear  bedding  is  caused  by  the  meeting  of  currents 
which  yary  in  force  and  direction  from  time  to  time.  The 
term  FaUe-bedding  has  been  applied  to  both  structures, 
but  is  a  misleading  term,  for  both  are  truly  bedded, 
though  the  inclination  of  the  beds  may  be  deceptiye. 

Sir  Charles  Lyell  has  described  the  appearance  of  a  cut* 
ting  through  a  sandbank  formed  near  a  junction  of  the 
riyers  Arye  and  Bhone,  where  the  conflicting  currents  had 
produced  a  series  of  inclined  beds  with  cuirilinear  sur- 
face;^ aboye  these  were  more  or  less  horizontal  layers, 
surmounted  by  irregular  alternations  of  sand  and  gravel 
in  undulating  curyUinear  layers.  Irregular  beddmg  of 
this  nattire  is  the  result  of  constantly  shifting  and  con- 
flicting currents,  and  is  seldom  exhibited  by  other  deposits 
than  those  formed  in  shallow  water,  viz.,  sand  and  gravel, 
or  sandstone  and  conglomerate,  though  it  is  not  unfre* 
quently  developed  in  certain  limestones  which  chiefly 
consist  of  the  rolled  and  drifted  d^ris  of  shells  and  corals, 
as,  for  instance,  the  great  Oolite  limestone  of  Bath  and 
Minchinhampton,  and  the  rock  known  as  the  Lincolnshire 
limestone. 

Fig.  98  represents  the  arrangement  of  the  beds  in  the 
face  of  a  quarry  at  Minchinhampton,  as  sketched  by  Mr. 
Jukes.'  Part  only  of  the  quarry  face  is  shown  in  fig.  98, 
the  top  line  being  a  marked  plane  of  bedding ;  each  bed  is 
obliquely  laminated,  but  the  surfaces  of  the  beds  are  all 
more  or  less  curvilinear;  it  is  evident  also  that  none  of 
these  beds  are  complete,  but  are  portions  of  so  many  banks 

^  See  fignre  in  Lvell's  "  Principles  of  Geology,"  ch.  six.  fig.  44. 
*  See  "Popular  Physical  Geology,"  Jokes,  pL  8. 
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opposite  direction  to  the  inclination  of  the  small  stratulffi 
of  which  they  are  composed  (see  fig.  94).  Each  of  these 
bands  ends  in  a  surface  ridge  or  ripple. 

Mr.  Sorbj  states  that  in  fine-grained  sandstones  which 
exhibit  ripple-drift,  the  small  stratnlsB  of  saod  are  often 
separated  bj  thin  layers  of  argillaceous  matter,  the  diffe- 
rent bands  being  also  separated  by  a  similar  deposit.  He 
also  finds  a  similar  structure  in  beds  of  mica-schist,  where 
the  quartzose  folia  correspond  to  the  sandy  layers  and  the 
micaceous  to  the  argillaceous  layers,  and  showing  that 
these  schists  were  originally  beds  of  shaley  or  flaggy  sand- 
stone. 

An  oscillating  movement  will  also  produce  a  ripple- 
marked  surface,  though  not  a  regular  succession  of  ripple- 
drift  layers.  This  can  be  tested  by  oscillating  a  basin  of 
water  into  which  sand  has  been  thrown.  Waves  produced 
by  the  wind  produce  an  oscillating  disturbance  of   the 


Fig.  94. 
nif  Ripple  marks.     6,  Ripple-drift  layers  or  laminaD. 

material  on  the  sea-floor,  and  as  the  influence  of  large 
waves  extends  to  a  considerable  depth,  ripple-marks  may 
be  produced  in  any  depth  at  which  this  influence  is  appre- 
ciable. Tidal  currents  also  disturb  the  bottom  in  fairly 
deep  water  under  certain  conditions  (see  antej  p.  182). 
Eipple-mark  has  in  fact  been  observed  beneath  50  to  60 
feet  of  water. 

Mr.  Jukes  observes  that  in  places  where  the  current  is 
troubled,  "a  modification  of  these  rippled  surfaces  is  some- 
times produced,  the  bed  being  irregularly  mamiUated  on 
its  surface,  which  is  pretty  equally,  though  irregularly, 
divided  into  small  hollows  and  protuberances  of  a  few 
inches  diameter.  This  surface  structure  may  be  seen  in 
process  of  production  now  on  shores  where  spaces  of  sand 
are  enclosed  by  rocks,  so  that  as  the  tide  falls  it  is  made  to 
run  in  different  directions  among  the  rock  channels ;  but 
it  would  probably  be  caused  at  any  depth  at  which  a 
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curreut  could  lie  aimilarlj  troubled  and  confused, 
be  called  *  Dimpled  conent-mark.' '' 
It  moflt  be  borne  in  mind  that  the  rippled  mufacee  which 
ai!e  formed  between  tide-marks  can  seldom  be  preserred, 
because  the  incoming  tide  generall j  obliterates  those  pre- 
Tiooslj  formed.  It  is  probable,  therefore,  that  the  ripple* 
marks  preserred  on  ancient  rock-surfaces  have  in  most 
cases  been  formed  beneath  shallow  water  at  a  greater  or 
less  distance  from  low-tide  lereL  A  ripple-mark  produced 
bj  the  tidal  current  may  be  coTcred  with  the  sediment 
which  is  deposited  during  the  slack  of  the  tide,  and  the 
new  surface  thus  formed  may  be  similarly  rippled  by  the 
gentle  morement  of  the  retnrn  current,  so  that  erery  sue- 
cessire  layer  of  lamina  will  be  ripple-marked.  In  fine- 
grained sandstones  or  sandy  shales  it  is  not  unusual  to  find 
a  succession  of  ripple-marked  surfaces,  one  under  the  other^ 
at  <ii»tft.Tirtft«  of  a  few  inches  apart ;  and  the  direction  of 
the  ripples  somewhat  Taries  considerably  on  the  different 
surfiices. 

Mr.  Sorby  has  shown  that  inferences  may  be  drawn 
from  the  examination  of  these  current-marks  as  to  the 
Telocity  and  direction  of  the  currents  which  caused  them, 
and  that  we  may  thus  reason  back  to  some  conclusions 
regarding  the  physical  geography  of  the  district  at  the 
time  they  were  formed. 

Although,  as  aboTC  stated,  ripple-marked  beds  are  not 
usually  such  as  were  formed  between  tide-levels,  yet  sur- 
faces are  occasionally  found  which  exhibit  not  only  ripple- 
marks,  but  also  sun-cracks,  rain-prints,  worm-tracks,  and 
the  footmarks  of  the  rarious  creatures  which  travelled 
oyer  the  moist,  exposed  surface  of  the  bed.  Such  surfaces 
have  doubtless  been  formed  on  fiat  shores,  where  large 
tracts  were  exposed  between  the  lines  reached  by  neap  and 
spring  tides,  so  that  the  surface  beyond  high  water  of 
neap  tides,  being  exposed  to  the  action  of  the  sun,  became 
cracked  and  hardened,  and  the  next  spring  tide  only  spread 
over  it  another  layer  of  sand  or  mud.  Among  lacustrine 
deposits  they  have  doubtless  been  formed  during  dry  sea- 
sons, when  tne  lake  waters  shrank  and  large  surfaces  of  the 
lake-floor  were  temporarily  exposed. 


CHAPTEE  VL 

CONBOLIDATIOK   OF  B0CX8. 

IN  the  first  part  of  this  Yolume  (Chapters  XI.  to  XVL) 
the  manner  in  which  deposits  are  now  being  formed  in 
riyers,  lakes,  and  seas  has  been  explained ;  these  being  for 
the  most  part  loose  and  unconsolidated  sands,  gravels,  clays, 
and  muds.  In  Part  II.,  Chapter  IV.,  the  principal  sedi- 
mentary rocks  which  are  found  in  the  earth's  crust  have 
been  described,  many  of  these  being  very  hard  and  com- 
pact materials.  It  is  natural  that  at  this  stage  the  student 
should  ask  how  it  is  that  deposits  which  were  originally 
fioft  and  incoherent,  like  most  of  those  now  being  formed, 
have  become  so  hard  and  consolidated  as  to  be  termed  in 
ordinary  language  rock  or  etovie.  In  the  present  chapter 
we  shall  endeavour  to  give  some  answer  to  this  question. 

The  processes  by  which  stratified  rocks  are  consolidated 
may  be  mentioned  under  the  following  heads : — 

1.  Desiccation. 

2.  Pressure. 

3.  Infiltration. 

4.  Chemical  change. 

5.  Heat. 

1.  Desiccation. — All  stratified  rocks  which  have  been 
formed  at  the  bottom  of  lakes  and  seas  must  of  course  be 
saturated  with  water  for  a  long  time  after  their  deposition, 
as  long,  in  fact,  as  the  lake  or  sea  remains  above  them. 
When  at  length  earth-movements  take  place,  and  the  sub- 
aqueous deposits  are  converted  into  land,  they  are  partially 
drained  of  the  included  water,  and  their  materials  conse- 
quently settle  down  into  a  smaller  space. 
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To  take  a  simple  iastance,  let  us  imagine  a  large  and 
fairly  deep  lake  which  has  during  a  long  period  received 
the  sediment  carried  in  by  rivers  and  brooks,  and  in  which, 
several  hundred  feet  of  stratified  deposits  have  been  accu- 
mulated. Let  us  suppose  that  the  country  is  then  slowly 
elevated,  and  that  the  channel  of  the  excurrent  river  is 
gradually  deepened,  so  that  the  lake  is  eventually  drained 
and  its  floor  exposed.  The  main  river  which  once  flowed 
into  the  lake  will  then  cut  a  course  for  itself  through  the 
lacustrine  deposits,  and  the  upper  portion  of  those  will  be 
gradually  dried  or  desiccated,  the  water  in  them  being 
drawn  out  partly  by  evaporation  from  the  surface,  and 
partly  by  actual  flow  toward  the  river-channel,  which  will 
act  as  a  natural  drain. 

The  abstraction  of  water  will  cause  a  contraction  of  each 
layer  or  bed,  as  may  be  seen  in  the  mud  of  a  dried-up 
pond.      Near  the  surface  this  contraction  is  mainly  in 

_     _        _^  lateral    directions,    generating 

.^  ""^^1, —  N^-^^"",    cracks  which  are  rifts  at  the 

' —  J-  ' —  '*  -JHT"  ~      surface,  but  get  narrower  and 
^\  ~^  ^,^y%i  "•      narrower  as  they  extend  down- 

—  ^       -f^  r- — 'y^'.      ward  into  the  mass ;  the  reason 
— *-    -    ' —    '' —  ■      of  this  being  doubtless  that  the 
pjg  95  layers  below  contract  less  hori- 

zontally than  they  do  vertically^ 
owing  to  the  pressure  exercised  by  the  weight  of  the  layers 
above  them.  Partly  then  by  contraction,  and  partly  by 
the  weight  with  which  each  successive  stratum  bears  on 
that  below  it,  the  particles  of  every  stratum  are  compressed 
into  a  smaller  space,  and  are  forced  to  cohere  more  closely 
together.  This  is  generally  the  first  stage  in  the  process 
of  consolidation. 

An  excellent  illustration  of  the  amount  of  contraction 
and  compression  which  a  calcareous  mud  often  undergoes 
in  the  process  of  conversion  into  a  limestone  is  afforded  by 
a  bed  in  the  Lower  Purbeck  group  of  the  Vale  of  Wardour* 
This  is  a  pale  yellowish-grey  earthy  limestone,  containing 
many  small  shells  of  species  that  can  live  in  brackish 
water,  and  exhibiting  many  curious  cavities  of  the  shapes 
shown  in  fig.  95,  some  of  them  empty,  and  some  of  them 
filled  with  ferruginous  matter.    These  are  spaces  left  by 
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the  solution  of  cubical  crystals  of  common  salt ;  they  show 
that  when  the  deposits  were  raised  into  dry  land,  the  salt 
was  dissolved  and  removed,  and  that  the  material  con- 
tracted by  desiccation  under  the  pressure  of  the  overlying 
strata  (some  200  feet)  to  such  an  extent,  that  the  walls  of 
the  cavities  were  forced  inwards.  The  squeezed-up  shapes 
of  the  cavities  show  that  this  must  have  taken  place  while 
the  mass  was  soft  and  plastic,  before  it  set  into  the  hard 
limestone  it  now  is.  In  some  of  them  the  walls  have  "  caved 
in  "  equaQy,  but  in  many  two  sides  have  given  more  than 
the  rest,  while  sometimes  they  are  all  so  bent  in  that  little 
space  remains  between  them. 

2.  Pressure. — ^In  the  case  taken  above  we  have  supposed 
the  thickness  of  the  lacustrine  deposits  to  be  only  a  few 
hundred  feet,  but  the  geologist  often  finds  marine  strata 
which  form  a  continuous  series  for  several  thousand  feet, 
and  it  is  obvious  that  the  lower  parts  of  such  masses 
must  have  been  subjected  to  considerable  pressure  from 
the  mere  weight  of  the  overlying  beds.  Further,  where 
such  thick  formations  rest  on  still  older  rocks,  these  latter 
must  have  borne  the  whole  weight  of  the  newer  series. 
For  example,  the  thickness  of  the  Carboniferous  system 
in  Lancashire  is  estimated  at  about  20,000  feet,  and  the 
whole  of  this  great  pile  of  sediment  was  accumulated 
in  horizontal  layers  in  a  subsiding  area.  When  complete 
this  great  formation  must  have  bonie  with  its  whole  weight 
upon  the  imderlying  rocks,  and  the  vertical  pressure  thus 
exercised  must  have  been  very  ^eat. 

Again,  in  subsequent  chapters  proofs  will  be  given  that, 
during  the  movements  which  have  taken  place  in  the  crust 
of  the  earth,  stresses  have  been  set  up  which  have  subjected 
certain  regions  to  enormous  lateral  pressures.  It  will  be 
shown  too,  that  such  compression  has  not  only  consolidated 
the  rocks  by  forcing  their  component  particles  into  closer 
collocation,  but  has  actually  caused  these  particles  to  move 
and  rearrange  themselves  in  accordance  with  the  direction 
of  the  stress,  thus  developing  new  and  peculiar  structures 
in  the  rocks  exposed  to  its  influence. 

The  results  of  simple  pressure  are  illustrated  by  several 
processes  in  arts  and  manufactures  ;  thus,  the  black  lead 
of  pencils  is  formed  by  compressing  the  powdered  dust  of 
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graphite,  and  tiles  or  tessersB  have  been  made  bj  the  com- 
pression of  poroelain-earth. 

More  astonishing,  howeyer,  is  the  power  of  suddenly- 
applied  pressure  to  consolidate  instantaneously  such  a 
material  as  loose  sand.  This  is  demonstrated  by  arrange- 
ments made  for  trying  the  strength  of  gunpowder.  A 
cannon-ball  is  fired  from  a  gun  charged  with  the  powder 
to  be  tested  at  a  mortar  in  which  leathern  bags  filled  with 
sand  have  been  placed  to  receive  it.  The  sand  is  often 
compressed  by  the  percussion  of  the  ball  into  a  mass  of 
sandstone  sufficiently  firm  to  remain  solid  and  to  bear 
handling. 

Many  sandstones  have  been  compacted  by  simple  pressure, 
their  component  particles  haying  been  so  closely  packed 
by  this  process  that  they  adhere  to  and  support  one 
another ;  a  slight  scattering  of  mica  flakes  among  the  sand 
greatly  facilitates  its  acquisition  of  coherency.  Soft  sand- 
stone which  just  holds  together  in  this  way  is  sometimes 
called  "  sand-rock,"  and  if  it  is  firm  enough  to  be  cut  into 
blocks  these  sometimes  show  a  certain  amount  of  flexibility ; 
for  if  a  long  block  of  the  stone  is  supported  at  both  ends 
it  will  curye  and  sag  down  in  the  centre.  Such  is  the 
Itacolumite  or  Flexible  Sandstone  of  India  and  Brazil 

There  is  no  more  striking  proof  of  the  enormous  pressure 
to  which  some  rocks  have  been  subjected  than  that  fur- 
nished by  certain  conglomerates,  the  pebbles  in  which  haye 
indented  each  other.  In  these  beds,  pebbles  of  the  hardest 
rocks,  such  as  Quartzite;  are  dented  and  squeezed  by 
compressiye  contact  with  one  another,  as  if  they  had  been 
lumps  of  dough  or  putty  manipulated  by  human  fingers* 
Some  pebbles  may  be  found  among  them  which  have  been 
split  into  several  pieces,  but  held  together  and  subsequently 
recemented  by  iiifiltrated  silica  or  oilcite. 

3.  Infiltration. — In  many  cases  the  consolidation  of  a 
rock  is  assisted  or  completed  by  the  infiltration  of  some 
mineral  cement.  It  has  been  stated  that  rain-water  per- 
colating downward  through  the  soil  and  underlying  rocks 
dissolves  and  holds  in  solution  many  of  the  mineral 
substances  which  it  meets  with  (see  p.  84),  and  that  under 
certain  circumstances  these  substances  may  be  redeposited 
in  the  cracks  and  interstices  of  the  rocks  at  a  greater  or 
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less  depth  from  the  surface.  This  process  of  infiltration 
may  go  on  till  all  the  interspaces  between  the  original 
particles  of  a  rock  are  filled  up  with  crystalline  or  colloid 
matter,  and  the  whole  mass  is  bound  into  a  hard  and 
compact  mass.  This  cement  may  be  ferruginous,  calcareous, 
or  sUiceous. 

In  coloured  sandstones  the  grains  are  generally  found  to 
be  coated  with  a  film  of  peroxide  of  iron,  which  has  been 
formed  in  the  manner  explained  on  p.  86 ;  this  gives  cha- 
racteristic red,  brown,  and  yellow  tints,  according  to  the 
thickness  of  the  film,  and  it  unites  the  grains  together, 
though  it  seldom  completely  fills  the  interstices  between 
them. 

The  cementing  power  of  oxidized  iron  is  seen  when  any 
mass  of  the  metal  is  allowed  to  rust  in  water ;  a  few  horse- 
shoes or  a  bag  of  nails  will  suffice  to  agglutinate  a 
considerable  mass  of  material.  Dr.  Mantell  has  described 
a  ferruginous  conglomerate  dredged  up  off  Hastings, 
consisting  of  glass  beads,  knives,  and  sand,  the  two  former 
being  derived  from  a  Dutch  vessel  which  was  stranded 
there  in  the  last  century. 

Calcareous  infiltrations  are  also  very  frequent.  Galea* 
reous  sandstones  have  been  described  on  p.  358,  and  the 
manner  in  which  the  calcite  crystals  sometimes  embody 
the  sand-grains  was  there  noticed.  A  curious  modification 
of  this  structure  occurs  in  the  sands  of  Fontainebleau* 
from  which  free  and  perfect  rhomboids,  consisting  of  fine 
sand  embedded  in  calcite,  have  been  obtained.  Many 
limestones  have  been  consolidated  by  the  subsequent 
infiltration  of  calcite  (see  p.  862),  which  has  gathered  the 
fine  paste  or  matrix  of  the  rock  into  its  crystalline  struc- 
ture, and  has  produced  a  more  or  less  crystalline  lime- 
atone.  At  the  same  time,  all  the  organic  remains  which 
consisted  of  aragonite  have  been  dissolved  and  replaced 
by  crystalline  caLdte.  When  a  slice  of  such  rock  is  ex- 
amined under  the  microscope,  the  caJcitic  matrix  is  seen 
to  be  opaque  or  cloudy  with  the  included  calcareous  mud, 
while  all  the  spaces  which  were  not  originally  filled  with 
this  mud,  and  all  the  replaced  aragonite  structures,  appear 
in  clear  transparent  calcite. 

Siliceous  infiltrations  have  ako  been  mentioned  (p.  359) ; 


894  STRUCTURAL  GEOLOGY.  [PABT  IL 

the  Hertfordshire  puddingstone  is  an  excellent  instance  of 
such  consolidation,  for  the  pebbles  and  sand-grains  of 
which  it  mainly  consists  are  so  firmly  glued  together  by 
the  chalcedonic  cement  that  a  fracture  breaks  across  them, 
even  dividing  the  sand-grains^  which  appear  as  clear 
crystal-like  specks  on  the  fractured  surface.  The  "  grey 
wethers  "  and  **  sarsen  stones,"  so  common  on  the  chalk 
downs  •  of  Berks  and  Wilts,  are  relics  of  similarly  agglu- 
tinated sandstones.  A  fine-grained  sand  embodied  in  a 
chalcedonic  cement  is  often  called  a  chert ;  thus  Mr. 
A.  Strahan  describes  ^  a  mass  of  **  chert "  in  Flintshire  over 
300  feet  thick,  which  passes  laterally  into  a  granular 
sandstone  with  a  siliceous  cement,  and  ultimately  into  a 
conglomerate  or  puddingstone. 

4.  Chemical  Change. —  In  some  cases  the  whole 
material  of  a  rock  is  altered  from  its  original  condition 
into  a  different  chemical  substance,  and  this  is  sometimes 
a  cause  of  consolidation.  The  conversion  of  woody  and 
peaty  matter  into  coal  comes  under  this  head,  for  though, 
no  doubt,  it  is  partly  due  to  simple  pressure,  and  tiie 
pressure  may  have  assisted  the  chemical  action,  still  the 
gradual  elimination  of  oxygen,  and  the  condensation  of 
the  solid  carbon,  must  have  tended  to  the  consolidation  of 
the  mass. 

The  alteration  of  limestone  into  dolomite  by  the  filtration 
of  water  containing  magnesic  chloride  and  sulphate,  result- 
ing in  the  replacement  of  part  of  the  lime  by  magnesia, 
which  combines  with  the  remaining  calcic  carbonate  to 
form  dolomite,  is  another  instance  of  a  chemical  change 
which  causes  consolidation  by  the  consequent  contraction 
and  crystallization  of  the  rock. 

5.  Heat  assists  the  processes  of  consolidation,  which 
have  already  been  mentioned,  and  it  has  also  a  special 
action  of  its  own. 

Sedimentary  rocks  may  have  come  within  the  influence 
of  heat  in  three  ways.  They  may  have  been  buried  so 
deeply  by  other  deposits  that  for  a  time  they  occupied  a 
low  position  in  the  earth's  crust,  where  the  temperature 
was  much  greater  than  near  the  surface.    As  the  tempera- 


1  « 
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ture  at  the  bottom  of  Bose  Bridge  Colliery  (2,450  feet)  is 
94**  F.  (see  p.  12),  that  at  the  bottom  of  the  Sperenberg 
boring  (4,040  feet)  is  120**,  and  that  of  the  water  from  & 
boring  near  Festh  (about  8,000  feet  deep)  is  160**,  it  is 
evident  that  the  water  in  rocks  which  lie  at  4,000  to  5,000 
feet  below  the  surface  must  everywhere  be  very  hot,  and 
that  at  a  depth  of  between  7,000  and  8,000  feet  it  must  in 
many  places  be  as  hot  as  boiliug  water  is  at  the  surface. 
Now  we  have  already  stated  that  strata  which  were  formed 
at  the  surface  have  frequently  been  buried  to  a  mucb 
greater  depth  than  8,000  feet. 

In  volcanic  districts  the  rocks  are  heated  by  the  influence 
of  the  rising  lava,  and  may  acquire  a  high  temperature  at 
a  comparatively  small  depth  from  the  surface.  In  every 
district,  therefore,  where  volcanic  rocks  occur,  we  may 
expect  to  find  evidence  of  the  effects  of  heat  on  stratified 
rocks. 

Lastly,  heat  may  be  developed  locally  by  mechanical 
force,  such  as  that  of  lateral  pressure,  which  hits  sometimes 
been  carried  to  the  extent  of  crushing  the  rocks. 

The  hardening  effect  of  dry  heat  is  well  known,  and  any 
rock  exposed  to  the  contact  of  liquid  lava  must  be  baked 
and  indurated ;  the  phenomena  of  such  contact-metamor- 
phism  will  be  described  in  a  future  chapter. 

The  passage  of  heated  water  through  stratified  rocks, 
whether  in  ascending  or  descending  currents,  must  have  a 
powerful  effect  in  dissolving  and  rearranging  the  con- 
stituents of  the  rocks,  and  its  continued  action  may  lead 
to  a  high  degree  of  alteration  and  consolidation. 

It  will  suffice  in  this  connection  to  indicate  some  of  the 
changes  which  can  be  produced  by  this  agency: — Hot 
water  attacks  and  dissolves  mineral  matter  much  more 
readily  than  cold  water,  so  that,  as  we  often  see  in  hot 
springs  and  geysers,  pure  silica  can  be  held  in  solution  by 
water  which  is  below  the  boiling  point,  and  is  deposited  as 
the  water  cools.  This  process  must  frequently  go  on 
beneath  the  surface,  and  the  silica  must  be  deposited  in 
the  form  of  a  siliceous  cement  in  those  portions  of  the 
rocks  where  it  loses  heat. 

The  changes  which  can  be  effected  without  a  very  high 
temperature  are  illustrated  by  the  formation  of  many 
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minerals,  including  some  hjdrated  silicates  or  zeolUes,  in 
the  interstices  of  the  bricks  of  a  Boman  bath  at  Plombi^res 
in  France  bj  the  waters  of  a  warm  spring.  The  mineraLs 
were  formed  by  the  action  of  the  water  on  the  materials  of 
the  bricks,  and  its  temperature  is  onlj  122^  F.,  or  about 
that  of  the  water  at  Bath  in  England.^ 

Not  onlj  can  moderately  warm  water  effect  such  results, 
but  the  yerj  solutions  which  it  takes  up  at  ordinary 
temperatures  increase  its  capacity  for  dissolving  other 
minerals,  and  if  such  water  percolates  downward  till  it 
acquires  a  high  temperature,  none  of  the  ordinary  con- 
stituents of  rocks  could  withstand  its  potency.  Dr.  Sterry 
Hunt  has  shown  that  water  containing  alkaline  carbonates 
will,  at  a  temperature  of  not  more  than  212°  F.,  rapidly 
dissolve  silica,  and  generate  various  silicates.  Again,  it 
was  proved  by  Daubrde  that  in  the  presence  of  dissolved 
alkahne  silicates  at  a  temperature  above  700**  F.,  various 
siliceous  minerals,  such  as  quartz,  felspar,  augite,  could  be 
formed  and  crystallized  out.' 


Concretions. 

It  will  be  convenient  in  this  connection  to  give  some 
account  of  the  different  kinds  of  nodules  which  occur  so 
frequently  in  stratified  rocks,  and  are  known  by  the  name 
of  concretions.  As  this  term  is  often  used  in  a  loose  and 
Ul-defined  sense,  we  shall  here  restrict  it  to  such  lumps  or 
nodules  of  mineral  matter  as  have  a  different  chemical 
composition  from  that  of  the  rock-material  which  encloses 
them ;  those  nodules  which  are  merely  spheroidal  lumps  of 
the  rock-mass,  developed  during  the  process  of  consolida- 
tion, are  therefore  excluded  from  the  present  category. 
These  latter  we  regard  as  structural  developments  pro- 
duced by  physical  forces,  while  the  former  have  been 
produced  by  the  operation  of  chemical  forces.  This  che- 
mical action  may  have  operated  during  the  deposition  of 
the  bed  in  which  the  concretions  are  found,  or  during  its 
consolidation,  and  it  is  a  mistake  to  suppose  that  they 

»  "Quart  Journ.  Geol.  Soc.,**  1878,  p.  73. 

*  "  Bull.  Soc  GeoL  de  France,"  torn.  zv.  p.  103. 
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have  been  entirely  formed  by  a  process  of  segregation 
after  the  consolidation  of  the  surrounding  material. 

In  most  cases  it  is  evident  that  the  concretions  must  have 
been  formed  while  the  enclosing  deposit  was  sufficiently 
fresh  and  plastic  to  allow  of  free  molecular  movement 
within  its  mass ;  it  has  also  been  proved  that  many  such 
nodules  owe  their  origin  to  the  decomposition  of  organic 
matter,  and  in  these  cases  the  concretions  must  have  begun 
to  form  while  the  rock-mass  was  still  permeated  with  the 
water  in  which  it  was  deposited,  and  before  it  had  been 
covered  up  by  any  very  great  thickness  of  subsequently- 
deposited  material.  Organic  bodies  decomposing  on  the 
muddy  bottom  of  a  lake  or  sea  evolve  carbonic  acid,  car- 
bonate of  ammonia,  and  other  chemical  substances,  which 
react  on  the  substances  dissolved  in  the  water,  and  cause 
the  precipitation  of  various  mineral  compooinds.  Other 
causes  may  assist  in  the  production  of  concretionary 
nodules,  and  the  whole  subject  requires  farther  study  and 
investigation.  We  now  proceed  to  notice  the  different 
kinds  of  concretions  which  occur  among  aqueous  rocks. 

In  Sandstones  concretionary  nodules  are  generally 
either  calcareous  or  ferruginous.  In  some  sandstones  large 
spheroidal  masses  of  calcareous  stone  occur,  which  appear 
to  be  portions  of  the  sandstone  bound  together  by  car- 
bonate of  lime.  These  are  called  doggers  in  the  north  of 
England ;  they  often  abound  in  fossil  remains,  while  the 
loose  sand  outside  does  not  contain  any.  Other  sandstones 
contain  concretions  of  iron  pyrites,  varying  in  size  from 
mere  grains  up  to  masses  as  lai^e  as  the  fist. 

In  Clays  and  Marls.  There  are  few  large  deposits  of 
clay  which  do  not  contain  concretions  of  some  kind. 

Septaria  consist  chiefly  of  carbonate  of  lime  with  some 
carbonate  of  iron,  and  occur  in  many  clays,  forming  lai^e 
nodules  which  sometimes  attain  a  diameter  of  2  to  3  feet, 
or  even  more.  In  true  septaria  the  interior  is  split  up  by 
numerous  cracks,  which  are  generally  filled  with  calcite, 
formiDg  divisions  or  «epto,  but  similar  concretions  which 
are  entirely  solid  often  occur  in  clays. 

CorvstoneB, — ^Beds  of  comstone  have  been  mentioned  on 
p.  358,  but  these  often  pass  into  layers  of  separate  con- 
cretions, which  may  be  <»Jled  comstone  nodules. 
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Clay-ironstone  nodules  are  of  similar  construction,  but 
consist  chiefly  of  carbonate  of  iron  mixed  with  more  or  less 
^laj  and  carbonate  of  lime.  When  broken  open  the  smaller 
nodules  frequently  disclose  a  fossil  shell  or  leaf  which  has 
evidently  formed  the  nucleus  round  which  the  ferruginous 
matter  has  accumulated;  they  often  have  a  septarian 
•structure. 

PhospJuUic  nodules  occur  in  clays  and  calcareous  shales, 
and  are  composed  of  phosphate  and  carbonate  of  lime  in 
variable  proportion.  Those  from  the  Gktult  and  Cambridge 
greensand  contain  from  56  to  60  per  cent,  of  the  phosphate, 
with  10  to  12  per  cent,  of  the  carbonate,  but  the  Suffolk 
nodules  (derived  from  the  London  Clay)  are  less  rich  in 
phosphate  with  more  carbonate  of  lime,  and  a  considerable 
amount  of  iron.  They  are  commonly  but  erroneously  called 
Coprolites. 

Marcasite  nodules,  or  balls  consisting  of  that  variety  of 
iron  pyrites  called  Marcasite,  are  also  abundant  in  many 
clays,  especially  where  organic  remains  are  abundant,  and 
frequently  enclose  some  fossil  shell  or  plant. 

In  Limestones  the  concretions  are  either  siliceous, 
ferruginous,  or  phosphatic. 

Flint  and  Chert  are  well-known  substances,  the  com- 
position of  which  has  already  been  described ;  both  occur 
as  nodules  of  irregular,  and  often  eccentric  form. 

The  origin  of  the  flints  in  the  chalk,  and  of  the  chert 
nodules  in  other  limestones,  was  long  a  matter  of  doubt, 
but  recent  researches  have  gone  far  to  explain  the  process. 
Dr.  Bowerbank  was  the  first  to  suggest  that  sponges  had 
been  much  concerned  in  the  formation  of  flints ;  and  re- 
cently Professor  W.  J.  Sollas  has  made  this  more  certain, 
and  has  given  the  following  explanation  of  their  origin. 
He  thinks  that  the  siliceous  spicules  of  numerous  sponges 
gradually  accumulating  in  the  chalk  ooze,  and  in  presence 
of  sea- water  under  great  pressure,  would  euter  into  solu- 
tion as  organic  silica ;  that  where  the  sponge  growth  was 
very  thick,  it  contributed  so  much  silica  to  this  solution 
as  to  render  it  concentrated  enough  for  the  deposition  of 
mineral  silica,  which  replaced  a  certain  amount  of  the 
calcareous  ooze.  The  calcareous  material  thus  became 
siliceous  chalk,  and  ultimately  a  further  deposition  of  silica 
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replacing  the  remainder  of  the  calcic  carbonate  conyerted 
the  siliceous  chalk  into  the  dark  flint  as  we  now  find  it. 

This  view  receives  confirmation  from  the  discovery  of 
siHceous  chalk  with  imperfectly  formed  flints  in  Wilt- 
shire.^ 

Marcasite  nodules  also  occur  in  some  limestones,  gene- 
rally in  the  form  of  rounded  lumps  or  balls,  which  have  a 
rSdiated  crystalline  structure  internally.  Many  of  those 
in  the  Lower  Chalk  of  Folkestone  are  irregular  in  form, 
and  seem  to  have  been  formed  by  the  pyritization  of  the 
siliceous  sponges  known  as  Ventriculites.  The  connection 
of  iron-pyrites  with  decaying  organic  matter  is  so  per- 
sistent that  we  may  safely  attribute  all  such  pyritous 
nodules  to  the  decomposition  of  organic  bodies. 

Phosphatic  nodvlee  are  occasionally  foimd  in  shaly  lime- 
stones, as.in  the  Bala  limestone  of  North  Wales.  Nodules 
containing  more  or  less  phosphate  of  lime  also  occur  at 
several  horizons  in  the  chalk ;  they  seem  to  be  generally 
lumps  of  chalky  mud  which  have  been  derived  from  an 
older  deposit  of  Chalk,  and  partially  consolidated  before 
being  washed  into  the  bed  where  they  are  now  found ;  they 
are  generally  coated  with  a  green  chloritic  or  glauconite 
substance.  Those  in  the  Chalk-rock  contain  5  or  6  per 
cent,  of  the  phosphate,  those  in  the  Lower  Chalk  15  to  20 
per  cent,  and  those  from  the  Chloritic  Marl  from  85  to  50 
per  cent. 

*  See  "Quart.  Joum.  Geol.  Soc.,"  voL  xlv.  p.  410. 
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IN  Chapter  Y .  stratified  rocks  were  described  as  consisting^ 
of  layers  or  strata  separated  by  planes  of  division 
which  result  from  the  manner  in  which  the  strata  were 
accumulated ;  but  all  rocks,  whether  stratified  or  unstra- 
tified,  exhibit  other  features  which  have  been  produced 
during  the  process  of  their  consolidation. 

There  are  few  exposures  of  stratified  rocks  which  do 
not  exhibit  certain  otner  planes  of  division  besides  those  of 
lamination  or  stratification.  These  are  the  joints,  or  long 
cracks  which  cut  across  the  bedding  planes  and  separate 
each  bed  into  blocks  of  various  shapes.  It  is  obvious  that 
in  stratified  rocks  there  must  be  at  least  two  sets  of  joint 
planes  besides  the  planes  of  stratification,  in  order  to  cut 
up  the  beds  into  blocks.  In  igneous  or  unstratified  rocks 
it  is  equally  obvious  that  in  order  to  form  squarish  blocks 
we  must  have  at  least  three  sets  of  joints  crossing  each 
other,  each  set  more  or  less  nearly  at  right  angles  to  the 
other  two. 

Origin  of  Joint  Structures. — Everyone  who  has 
examined  the  muddy  bottom  of  a  dried-up  pond  or  lake  is 
aware  that,  as  the  water  evaporates  and  the  mud  dries, 
long  and  deep  cracks  are  formed  which  traverse  the  dry 
mud  or  clay  in  various  directions,  and  cut  it  into  polygonal 
blocks.  The  width  and  depth  of  these  cracks  depend 
partly  upon  the  extent  and  thickness  of  the  mud. 

In  the  same  way  molten  rock  shrinks  and  cracks  in 
cooling.  Attempts  have  been  made  to  utilize  the  slags 
from  iron-furnaces  by  running  them  into  moulds,  but  the 
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quadrangular  blocks  so  obtained  proved  to  be  useless  for 
building  purposes  because  they  cracked  and  crumbled  into 
small  cuboidal  fragments  in  consequence  of  the  numerous 
joints  developed  during  the  process  of  cooling  and  solidi- 
fication. Differences  in  the  texture  of  rocks  will  naturally 
cause  differences  in  their  manner  of  cracking,  and  so 
different  forms  of  jointing  will  be  produced.  The  number 
of  joint-planes  will  also  partly  depend  upon  the  thickness 
of  the  bed  or  mass.  Some  beds  will  shrink  more  than 
others,  and  some  masses  of  igneous  rock  must  have  cooled 
more  rapidly  than  others. 

Mr.  Jukes  has  remarked  that  it  does  not  follow  that 
all  the  joints  in  any  mass  of  rock  should  be  formed  at  any 
one  time.  "  The  consolidation  of  the  mass  may  take  place 
slowly  and  gradually,  and  successive  sets  of  joints  be  pro* 
duoed  in  it  at  different  times  durmg  that  process.  A  rock» 
moreover,  may  be,  at  some  subsequent  period,  placed 
under  circumstances  calculated  to  produce  a  greater  degree 
of  consolidation,  and  a  fresh  set  of  joints  may  be  produced 
in  it  from  that  cause. 

**  The  small  or  short  joints  confined  to  individual  beds 
of  stratified  rocks  may  have  been  those  first  formed  on  the 
original  consolidation  of  the  one  bed  before  the  next  was 
deposited  on  it,  those  joints  being  then,  perhaps,  quite  im« 
perceptible  divisional  planes  with  no  interspace  between 
the  blocks.  Whole  sets  of  beds  mav  have  subsequently 
been  subject  to  one,  two,  or  more  actions  of  consolidation, 
whicli  may  have  produced  lai^er  joints  traversing  the 
whole  mass.  Still  more  extensive  joints  may  have  been 
formed  subsequently  by  the  mechanical  agency  of  the  up« 
heaving  forces  acting  on  the  crust  of  the  ^obe."  ^ 

M.  Daubr^  has  lately  obtained  some  curious  results  by 
submitting  plates  of  various  substances  to  the  effects  of 
torsion,  and  finding  that  he  could  by  this  means  produce 
sets  of  cross  fractures  similar  to  ordinary  joints,  he  boldly 
ascribes  all  joints  to  the  action  of  force  similarly  applied.* 
Mr.  J.  Or.  Goodchild,'  however,  has  pointed  out  that  joints 
are  of  various  kinds,  and  are  not  likely  to  have  all  been 
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lines  of  lamination,  and  the  soifaoes  thuB  exposed  along 
the  tox>s  and  bottoms  of  the  lumps  are  generally  dull  and 
earthy,  and  readily  soil  the  fingers.  At  right  angles  to 
these  surfaces  others  may  be  observed,  which  are  generally 
bright  and  shining,  and  if  the  coal  be  freshly  broken,  these 
suiiaces  will  soil  the  fingers  much  less  than  those  on  the 
top  or  bottom  of  the  lump.  He  will  see  that  there  is  one 
set  of  smooth,  vertical  surfaces  (or  joint  planes),  along 
which  there  occur  the  cleanest,  largest,  and  most  even  sides 
to  the  block,  the  vertical  surfaces  at  right  angles  to  that 
set  being  shorter,  rougher,  and  more  irregular.  The  first 
large,  smooth,  vertical  surfaces  are  known  by  the  name  of 
the  face,  the  slyne,  or  the  cleat,  of  the  coal  in  different 
districts, — the  more  interrupted  set  being  spoken  of  some- 
times as  the  end  of  the  coal."  ^ 

In  a  series  of  stratified  rocks  each  bed  generally  has  its 
own  system  of  joints,  which  are  close  and  regular  and  do 
not  penetrate  the  beds  above  and  below.  There  are  always 
others,  however,  which  are  common  to  several  successive 
beds,  and  seem  to  have  been  formed  simultaneously,  though 
they  often  change  their  direction  a  little  in  passing  from 
one  bed  to  another.  Lastly,  there  are  some  still  larger  and 
longer  planes  of  division,  which  cut  through  many  succes- 
sive beds,  and  maintain  the  same  direction  both  vertically 
and  laterally  for  very  long  distances;  these  are  called 
the  maeter-joints.  The  master-joints  sometimes  form  a 
more  conspicuous  feature  in  the  rock  than  the  planes  of 
stratification  do,  and  are  occasionally  found  to  cut  across 
whole  mountains  in  regular  parallel  lines.  These  large 
joints  are  often  open  fissures  with  a  space  of  an  inch  or 
more  between  the  walls,  and  in  limestones  this  space  has 
frequently  been  widened  still  more  by  the  action  of  per- 
colating water.  Such  joints  are  always  well  developed  in 
limestone  districts  (see  the  Frontispiece,  and  also  p.  86, 
and  ^,  28). 

Surface  Exhibition  of  Joints. — ^Although  the  general 
characters  and  vertical  course  of  joints  may  be  readily  ob- 
served in  almost  any  stone-quarry,  there  are  not  such 
frequent  opportunities  of  studying  their  horizontal  exten- 

*  Jukes'  "  Manual  of  Geology,"  second  edition,  p.  212 
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non  or  surface  exhibition  oyer  large  areas.  Mr.  Jukes 
found  that  the  newly-formed  beds  of  stone  which  occur  on 
some  of  the  coral  islands  off  North-east  Australia  were 
already  divided  by  a  system  of  joint-planes.  He  says : — 
"I  often  observed  several  beds  of  stone  resting  on  each 
other,  each  more  than  a  foot  thick,  inclined  at  an  angle  of 
8"*  or  10* ;  that  is  to  say,  at  the  same  angle  as  the  slope  of 
the  beach  or  bank  of  sand  on  which  they  rested.  They 
had,  to  all  appearance,  been  consolidated  in  this  position. 
The  jointh  which  traversed  them,  although  often  uneven 
and  jagged,  ran  in  straight  parallel  lines  over  spaces  some- 
times of  200  yards,  or  as  far  as  they  could  be  seen,  their 
planes  being  generally  at  right  angles  to  those  of  the  beds» 
one  set  of  joints  running  along  the  greatest  linear  exten- 
sion of  the  mass  (gtrHce-joints),  and  the  other  set  directly 
across  the  former,  and  in  the  same  direction  as  the  inclina- 
tion of  the  mass  (dip-joints).  The  directions  of  these  twa 
sets  of  joints  seemed  to  depend  in  these  cases  on  the  direc- 
tions of  the  principal  bounding  surfaces  or  edges  of  the 
mass."  ^ 

The  surface  exposure  of  a  hard  rock  like  limestone  is 
sometimes  so  bare  of  soil  as  to  present  an  excellent  field 
for  observing  the  horizontal  extension  of  joint-lines,  and 
perhaps  no  district  offers  better  facilities  for  such  a  study 
than  the  barony  of  Burren  in  county  Clare,  Ireland.  Hills 
of  limestone  here  rise  more  than  1,000  feet  above  the  sea, 
the  stratification  being  almost  horizontal,  the  hill  summits 
and  the  terraces  that  sweep  round  their  sides  showing 
broad  floors  of  bare  rock  over  the  whole  country.  The 
joints,  which  are  very  numerous  and  very  regular,  have 
been  widened  by  the  rain,  so  as  to  form  superficial  crevices, 
sometimes  several  inches  in  width  and  several  feet  in 
depth.  The  floors  of  limestone  are  cut  by  them  into  a 
number  of  separate  blocks  of  quadrangular  and  triangular 
forms.  The  late  Mr.  F.  J.  Foot,  of  the  Geological  Survey, 
who  examined  this  district,  has  given  a  detailed  account  of 
these  Joints  in  the  explanations  of  the  maps  114, 122,  and 
123,  of  the  Geologicid  Survey  of  Ireland.  He  found  that 
there  were  three  distinct  sets  of  joints,  besides  other  small 

^  Jukes'  "  Manual  of  Geology,^'  second  edition,  p.  217. 
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and  irregular  cracks.  Two  of  these  sets  of  joint-planes 
were  nearly  parallel  to  one  another  and  ran  nearly  north 
and  south,  one  a  little  E.  of  N.,  the  other  a  little  W.  of 
N.,  so  as  to  produce  large  wedge-shaped  blocks  several  feet 
long,  ending  in  angles  sometimes  as  sharp  as  5*".  These 
master-joints  were  croeaed  by  others  nmning  nearly  east 
and  west,  not  in  straight,  but  in  gently  curved  serpentine 
lines.  The  straight  north  and  south  joints  sometimes 
stopped  suddenly  at  one  of  these  cross  joints,  and  it  was 
observable  that  the  neighbourhood  of  one  joint-plane,  or 
the  space  between  two  adjoining  planes,  exhibited  a  number 
of  closely  adjacent  parallel  joints,  not  more  than  an  inch 
or  so  apart,  which  split  the  beds  across  into  vertical  slabs 
(see  p.  86,  and  fig.  22.) 


Fig.  97.    Horizontal  Jointing  in  Chalk. 
Scale  abont  12  feet  to  an  inch. 

The  disposition  of  joints  may  also  be  studied  on  rocky 
shores,  where  the  surface  of  one  hard  bed  is  sometimes 
bared  for  a  considerable  extent  between  tide-marks. 

Horizontal  Jointing. — Besides  the  vertical  joints 
which  are  so  conspicuous  in  all  stratified  rocks,  a  series  of 
horizontal  joints  is  frequently  develox>ed.  In  many  cases 
it  is  difficult  to  distinguish  these  from  the  pla^ies  of 
bedding,  and  probably  they  are  most  strongly  developed 
in  massive  homogeneous  rocks  which  do  not  exhibit  frequent 
or  distinct  planes  of  stratification.  They  are  specially 
noticeable  in  the  more  compact  and  marly  varieties  of 
chalk  where  the  usual  planes  of  bedding  are  entirely  ob- 
scured or  replaced  by  a  set  of  irregular  and  curvilinear 
joint-planes,  which  bear  some  resemblance  to  those  of 
actual  curvilinear  bedding  produced  by  current  action  (see 
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p.  886).  Fig.  97  ia  taken  from  a  sketch  m  a  chalk  quany 
near  Cambridge,  where  this  structure  is  well  exhibited. 

A  somewhat  similar  kind  of  jointing  has  sometimea 
been  produced  in  igneous  rocks,  and  has  been  called  "  CW- 
vUahula/r  structure'*  by  Professor  Bonney,  who  has  described 
an  instance  in  a  part  of  the  basalt  of  the  Plateau  de  1& 
Prudelle,  Auvergne.  **  The  mass,"  he  says,  "  is  trayersed 
by  a  series  of  more  or  less  horizontal  curving  joints,  with 
their  convexities  upward;  so  that  the  whole  is  divided 
into  a  series  of  plano-convex,  meniscoid,  or  concavo-convex 
blocks,  in  length  perhaps  about  2  to  4  feet,  and  in  thickness 
from  4  to  12  inches.  This  structure  continues  with  but 
slight  indications  of  any  tendency  to  vertical  master-jointa 
for  some  35  feet."  ^ 

Granite  and  other  igneous  rocks  often  exhibit  a  much 


Fig.  98.    JointB  in  Granite  near  Penrhyn. 
Q  Q>  Open  quarries.     B  B,  Unquarried  rock. 

more  regular  series  of  horizontal  joints,  which  together 
with  the  vertical  joints,  split  up  the  mass  into  a  succession 
of  tabular  blocks.  Such  joints  are  especially  well  developed 
in  the  granites  of  Cornwall,  where  they  are  called  bedding- 
joints  by  the  miners.  It  is  a  noteworthy  fact  that  these 
bedding-joints  are  not  truly  horizontal,  but  run  in  broad 
curves,  which  closely  correspond  with  the  curvatures  of  the 
surface  of  the  ground.  The  quarries  are  generally  opened 
on  the  slopes  or  summits  of  hills,  and  it  is  stated  by  Mr» 
Q-.  F.  Harris  that  in  every  case  the  run  of  these  joints 
approximately  follows  the  curve  of  the  hill.'*  Pig.  98  is 
reproduced  &om  one  given  by  him  to  illustrate  this,  and 
shows  the  directions  of  the  two  main  sets  of  joints  in  the 

^  "  Qnart.  Joum.  Geol.  See.,"  vol.  xxxii.  p.  146. 
*  "  Granites  and  Granite  Indnstries,"  1889,  p.  104. 
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quarries  on  Camsew  Hill»  near  Penrhjn.  The  "  bedding- 
joints  "  are  crossed  bj  nearly  verticai  master-joints,  and 
again  at  nearly  right  angles  by  another  set  of  steeply 
inclined  joints,  so  that  the  rock-mass  breaks  into  nearly 
cubical  blocks.  When  these  blocks  are  exposed  to  atmo- 
spheric disintegration  the  comers  and  edges  crumble  away, 
the  joints  are  widened,  and  the  result  is  a  pile  of  separate 
blocks,  resting  loosely  one  on  the  other.  In  granite 
districts  these  piles  are  called  torra  or  cheese  wrings ;  the 
logging-stones  or  rocking-stones  are  also  due  to  the  develop- 
ment of  a  similar  structure  (see  p.  100). 

As  regards  the  origin  of  this  horizontal  jointing,  the 
tabular  structure  in  granite  and  other  igneous  rocks  may, 
in  some  cases,  be  due  to  the  tensions  caused  by  alternate 
expansion  and  contraction  under  diurnal  variations  of  tem- 
perature ;  for  rapid  contraction  at  night  after  expansion  by 
the  sun's  heat  during  the  day  is  likely  to  produce  normal 
as  well  as  horizontal  strains  in  the  rock-mass. 

The  curvilinear  planes  in  chalk  may  perhaps  be  due  to 
an  analogous  process,  for  chalk  must  be  particularly  liable 
to  such  changes  of  dimension  in  consequence  of  its  capacity 
for  holding  water.  The  drawing  up  and  evaporation  of 
this  water  by  the  sun  during  dry  weather  must  cause  rapid 
desiccation  and  contraction.  Near  the  surface  the  chalk  is 
broken  up  into  small  tabular  fragments,  but  lower  down 
the  result  may  be  different.  The  strains  in  a  horizontal 
direction  will  be  relieved  by  vertical  joints,  but  there  must 
abo  be  strains  in  a  vertical  direction,  and  these  can  only 
be  relieved  by  cracks  which  are  more  or  less  horizontal  or 
parallel  to  the  surface  of  the  ground.  Once  formed  they 
would  always  remain  as  divisional  planes,  and  the  subse- 
quent passage  of  water  along  them  would  only  tend  to 
keep  them  open. 

Prismatic  Jointing. — Unstratified  rocks  cannot  fall 
into  cubical  blocks  unless  the  vertical  joints  are  crossed  by 
another  set  of  horizontal  joints.  Without  these  it  is  clear 
that  the  vertical  joints  will  split  the  mass  into  long 
coliunns  or  prisms,  the  shape  of  which  will  depend  on  the 
number  of  intersecting  joint-planes.  This  form  of  jointing 
has  been  termed  prisnuUic,  as  tending  to  the  formation  of 
prisms,  and  it  is  only  from  rocks  which  are  thus  prismati- 
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Mr.  Fisher  has  kindly  supplied  me  with  another  demon^ 
stration  of  this,  which  is  perhaps  more  easily  understood. 
In  a  homogeneous  rock  like  basalt  the  contractile  force 
seems  to  be  exerted  so  evenly  throughout  the  mass,  that 
we  may  assume  it  to  tend  toward  a  set  of  equidistant 
points.  Such  equidistant  points  must  be  at  the  comers  of 
equilateral  triangles.  Let  a  b  c  be  such  points,  and 
suppose  the  rock-substance  to  be  drawing  away  from  each 
point  equally,  this  substance  will  part  at  points  which  are- 
midway  between  a  and  b,  a  and  c,  b  and  c.  The  cracks 
so  generated  will  run  in  straight  lines  till  they  meet.  Let 
D  be  another  point  equi- 
distant from  B  and  c,  and  A 
suppose  similar  cracks  to  be 
formed  between  b  and  d 
and  between  o  and  d,  then 
it  is  easy  to  see  that,  when 
a  complete  system  of  such 
cracks  is  produced,  all  ex- 
tending till  they  meet  one 
another,  the  spaces  enclosed 
by  them  will  be  hexagons. 
The  cracks  thus  commenced 
will  strike  down  into  the 
cooling  mass,  and  will  re- 
sult in  the  formation  of 
regular  hexagonal  columns. 

The  columns  are  straight  and  regular  in  proportion  aft 
the  cooling  proceeded  uniformly  from  a  plane  surface ;  but 
if  the  cooling  surface  was  convex,  the  columns  must  strike 
inwards  towards  a  centre ;  while,  if  it  was  concave,  they 
would  radiate  outwards  in  different  directions.  Again,  the 
opening  of  fissures  within  the  mass  would  provide  other 
cooling  surfaces  from  which  independent  sets  of  columns 
would  be  started.  Thus  it  frequently  happens  that 
in  the  upper  part  of  extruded  bosses  or  streams  of 
lava,  the  columns  are  inclined  or  curved  in  various  direc* 
tions,  while  the  lower  part  of  the  same  mass  is  regu- 
larly divided  into  straight  and  vertical  pillars ;  the  two 
portions  being  separated  by  a  more  or  less  horizontal  plane 
of  tension. 


D 
Fig.  103. 
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Again,  in  dykes  of  igneous  rock  the  columns  are  alwajs 
at  right  angles  to  the  bounding  walls,  and  have  evidently 
started  from  these  surfaces  where  the  cooling  and  consequent 
consolidation  woiQd  necessarily  commence,  as  in  fig.  101. 
Moreover,  it  often  happens  that  the  columns  are  not  con- 
tinuous across  the  dyke,  but  are  separated  into  two  sets  by 
a  medial  plane.  In  this  case  it  is  clear  that  the  columns 
originating  on  either  side  of  the  dyke  struck  inwards,  and 
met  along  the  medial  line,  but  the  axes  of  the  columns 
not  being  in  the  same  line  the  two  sets  of  columns  could 
not  coalesce  into  uniform  bars. 

Articulated  Columns  and  Spheroidal  Structure. 
— Columnar  lavas  sometimes  exhibit  a  still  more  curious 
and  complicated  structure,  occasioned  by  transverse  articu- 
lations or  planes  of  division  which  traverse  the  columns  at 
nearly  equal  distances  so  as  to  split  them  up  into  a  series 
of  separate  hexagonal  blocks.  The  surfaces  of  these  trans- 
verse cracks  are  sometimes  flat,  but  more  often  curved, 
and  sometimes  they  fit  into  one  another  with  a  kind  of  ball- 
and-socket  arrangement.  Professor  Bonney  has  shown 
that  all  these  jointed,  tabular,  and  cup-and-baH  struc- 
tures are  referable  to  the  same  cause,  viz.,  contraction 
while  cooling ;  and  in  one  case  he  has  noted  a  sort  of  tran- 
sition from  a  regular  jointed  column  to  a  broad  prism  with 
slightly  curved  walls  and  a  kind  of  curvitabular  cross- 
jointing  (see  fig.  104). 

In  other  cases  a  spheroidal  structure  has  been  developed, 
the  whole  mass  of  rock  separating  into  large  balls  which 
exfoliate  under  the  action  of  the  weather  into  regular  con- 
centric layers  or  coats,  like  those  of  a  large  onion.  It  was 
formerly  supposed  that  this  spheroidal  structure  was  sim- 
ply a  mode  of  weathering.  It  is  true  that  cuboidal  blocks 
of  rock,  such  as  those  of  granite,  have  a  tendency  to  weather 
into  rough  spheroids,  and  further  decomposition  might 
sometimes  produce  a  kind  of  concentric  exfoliation ;  but 
this  is  not  sufficient  to  explain  all  the  instances  of 
spheroidal  structure  that  have  been  observed. 

In  the  first  place,  a  similar  structure  is  occasionally 
developed  in  rocks  which  are  not  jointed  so  as  to 
split  into  cuboidal  blocks ;  an  excellent  example  of  this 
in  bedded  shale  has  been  described  and  figured  by  Mr. 
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wards  to  the  less  solidified  part,  and  the  spheroids,  at  the 
aame  time,  formed  within  this  more  plastic  part  of  the 
•column,  the  two  surfaces  of  division  running  together  at 
last  so  as  to  complete  the  separation. 

The  precise  manner  in  which  these  spheroids  are  deve- 
loped  is  not  ver  j  easy  of  explanation,  but  if  it  be  assumed 
that  contraction  is  taking  place  uniformlj  throughout  the 
mass  of  the  cooling  material,  then  spheres  may  be  formed 
in  this  mass  on  the  same  principle  by  which  hexagons  are 
formed  on  a  plane  surface;  a  sphere  being  the  solid  of 
least  superficies  for  a  given  volume,  and  being  the  figure 
where  the  contractile  force  acts  everywhere  perpendicularly 
to  the  circumference.  If  the  joints  simultaneously  pro- 
duced are  few  and  far  apart,  the  spheres  will  remain  sphe- 
roidal ;  but  if  hexagonal  columns  are  being  produced  at 
the  same  time,  the  spheroids  necessarily  come  to  have  a 
hexagonal  circumference,  and  are  regularly  superimposed 
one  on  another.  Whether  the  top  and  bottom  of  each 
block  is  flat,  convex,  or  concave,  depends  probably  on 
differences  in  the  strains  or  tensions  within  the  mass. 

Art  of  Quarrying. — Without  natural  joints thequarry- 
ing  of  stratified  rocks  would  be  very  difficult,  and  that  of 
igneous  rocks  would  be  almost  impossible,  for  each  block 
would  have  to  be  cut  out  on  every  side  from  the  rest  of  the 
solid  mass.  The  whole  art  of  quarrying  consists  in  taking 
advantage  of  the  natiuul  division  of  the  rock  by  the  planes 
of  jointing  and  bedding,  where  the  latter  exist.  The  shape 
of  the  quarry  will  therefore  depend  on  the  direction  of 
the  master- joints  which  traverse  the  stone.  One  set  of 
these  joints  will  form  what  is  called  the  face  or  ha>ek  of 
the  quarry  or  the  boundary  wall  towards  which  the  men 
are  at  any  time  working;  while  the  other  set  of  joints, 
at  right  angles  to  these,  are  the  planes  along  which  they 
work ;  these  are  called  the  ends,  or  sometimes  the  cutters 
of  the  stone. 

In  mining  operations  where  adits  and  galleries  are  driven 
into  the  rock,  it  is  still  more  necessary  to  observe  the  direc- 
tion of  the  joint-planes,  for  by  these  natural  lines  of  divi- 
sion will  the  direction  of  the  passages  be  regulated.  This 
is  particularly  the  case  in  coal-mining,  for,  as  already  stated, 
beds  of  coal  exhibit  not  only  the  orduiary  system  of  distant 
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joint-plajies,  but  also  a  system  of  minor  joints  which  retain 
their  paraUeUsm  over  very  large  areas ;  the  main  galleries 
of  a  coal-mine,  therefore,  are  always  driven  along  the  face 
of  the  coal,  while  the  cross  galleries  run  along  the  end  of 
the  coal.  To  attempt  to  cut  galleries  across  that  direction 
in  which  the  coal  will  'naturally  split  into  blocks  would 
obviously  be  a  much  more  difficult  and  expensive  task  than 
to  take  advantage  of  this  structure. 


CHAPTEE  Vin. 

IlVCLIKiLTION  AKD   FLEXUBE   OF   BEDS. 

WE  could  not  continue  our  obserrations  upon  stratified 
rocks  yerj  long  without  perceiving  that  their  beds 
are  not  always  horizontal,  but  are,  on  the  contrary, 
generally  inclined  to  the  horizon  at  a  greater  or  less 
angle. 

We  haye  abready  seen  that  in  certain  cases  beds  of 
stratified  rock  may  have  been  originally  deposited  on  a 
considerable  slope.  Such  beds,  however,  can  only  be  of 
very  limited  extent,  and  we  can  hardly  imagine  a  succes- 
sion of  x>a^lel  beds  to  have  been  deposited  with  exactly 
the  same  slope ;  neither  is  it  possible  for  materials  finer 
than  coarse  sand  to  rest  on  a  slope  having  a  greater  incli- 
nation than  35^.  Whenever,  then,  we  find  a  set  of  inclined 
beds  maintaining  an  equal  thickness  and  approximate 
parallelism  over  a  wide  extent  of  ground,  we  may  feel 
quite  sure  that  when  first  formed  those  beds  must  have 
been  practically  horizontal,  and  that  their  present  inclina- 
tion is  the  result  of  subsequent  movement.  They  must 
have  been  tilted,  either  by  being  lifted  up  at  one  end  or 
depressed  at  the  other,  and  in  many  cases  the  beds  have 
been  subjected  to  such  powerful  and  long-continued  move- 
ments that  they  are  tilted  up  at  very  high  angles,  and 
in  some  cases  are  set  on  edge  in  an  absolutely  vertical 
position. 

Dip  and  Strike. — The  inclination  thus  given  to  beds 
of  rock  is  called  their  dip ;  its  amount  is  expressed  by  the 
number  of  degrees  contained  in  the  angle  between  the 
plane  of  the  beds  and  the  plane  of  the  horizon,  and  the 
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Sir  Charles  Ljell  compares  dip  and  strike  to  a  row  of 
bouses  running  east  and  west,  "  the  long  ridge  of  the  roof 
representing  the  strike  of  the  stratum  of  slates,  which  dip 
on  one  side  to  the  north,  and  on  the  other  to  the  south." 
The  line  of  strike,  however,  is  Aot  always  a  straight  line, 
because  any  change  in  the  direction  of  the  dip  will 
produce  a  corresponding  change  in  the  direction  of  the 
strike. 

If  we  know  the  direction  in  which  a  bed  dips,  we  know 
also  the  exact  bearing  of  its  strike,  but  if  we  only  ascertain 
the  strike,  we  cannot  also  infer  the  direction  of  its  dip, 
because  it  may  incline  to  either  side  of  the  line  of  strike. 
In  geological  surveying,  therefore,  it  is  most  important  to 
observe  the  dip  of  all  stratified  rocks,  and  to  note  its  direc- 
tion accurately ;  it  is  also  important  to  know  its  amount, 
or  at  any  rate  to  ascertain  the  average  angle  at  which  any 
group  of  rocks  is  inclined. 

Geological  Map  and  Section. — ^Any  exposure  of 
rock  at  the  surface,  from  which  the  nature  and  relative 
position  of  the  beds  can  be  ascertained,  is  called  by  geo- 
logists a  section.  The  exposure  may  be  an  artificial  open- 
ing, such  as  a  quarry,  mine,  or  railway-cutting,  or  it  may 
be  a  natural  section,  such  as  the  bank  of  a  brook  or  the 
face  of  a  clilP.  These  sections  are  what  a  geologist  first 
seeks  for  and  studies  when  he  wishes  to  learn  the  subter- 
ranean structure  of  a  district.  By  piecing  together  the  in- 
formation obtained  from  such  isolated  exposures  he  is  able 
to  construct  a  geological  map  of  the  district  in  which  he  is 
placed,  and  also  to  draw  a  continuous  section  through  any 
part  of  it  representing  the  arrangement  of  the  rock-bedB 
as  they  would  appear  if  some  giant  hand  were  to  make  a 
vertical  cut  or  trench  through  the  country  from  the  surface 
to  the  **  sea-level." 

Fig.  107  is  a  diagrammatic  view  of  the  Isle  of  Wight, 
illustrative  of  the  appearance  it  would  present  if  all  the 
surface  soil  was  removed,  and  the  landslips  of  the  Under- 
clifE  were  cleared  away,  so  as  to  expose  the  actual  outcrops 
of  the  different  beds  over  the  southern  half  of  the  island. 
Moreover,  a  huge  slice  is  supposed  to  have  been  cut  out  of 
the  centre,  so  as  to  exhibit  a  vertical  section  through  the 
island  from  north  to  south. 
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The  beds  which  compose  the  southern  half  of  the  Isle 
of  Wight  have  been  divided  as  follows  : — 

5.  Chalk  at  the  top. 

4.  Sand  and  sandstone      ~  Upper  greensand 

8.  Blue  day  =  Gault. 

2.  Sands  and  sandstones  «=  Lower  greensand. 

1.  Olajs  and  sandstones    »  Weulden. 

It  is  seen  that  the  beds  composing  these  groups  are  nearly 
horizontal  in  the  foreground,  but  that  as  they  are  traced 
northward  toward  the  centre  of  the  island  they  begin  to 
dip,  the  upper  surface  of  each  division  being  brought  down 
to  the  level  of  the  sea,  and  the  topmost  beds  of  the  chalk 
passing  beneath  those  which  form  the  northern  part  of  the 
island,  and  are  named  Tertiary. 

Fig.  107  is  the  representation  of  a  geological  model  in 
relief,  but  a  geological  map  is  only  an  ordinary  map 
coloured  so  as  to  indicate  the  outcrops  of  the  prindpid 
rock-groups.  To  construct  such  a  map  we  proceed  as 
follows : — Taking  a  good  map  of  the  district  we  wish  to 
examine,  together  with  a  clinometer  and  a  pocket- com* 
pass,  we  search  for  all  the  natural  and  artificial  sections. 
If  the  district  be  near  the  coast,  the  sea-cliffs  will  probably 
afford  the  best  sections,  and  it  will  be  desirable  to  ascer- 
tain the  succession  which  they  exhibit  before  attempting  to 
map  the  country  inland. 

We  will  suppose  that  along  a  certain  part  of  the  coast 
we  found  a  regular  succession  of  beds,  steadily  dipping  one 
under  another  in  a  certain  direction :  the  rocky  scar  at  low 
tide  showing  us  the  exact  direction  of  their  strike,  the  cliff 
section  enabling  us  to  measure  the  exact  angle  of  their  dip. 
Suppose,  too,  that  the  beds  fell  into  five  natural  groups — 
1,  clays  and  ironstones;  2,  shales;  3,  sandstones;  4» 
shales;  5,  limestones;  each  set  of  beds  having  some 
peculiar  characters  of  its  own  by  which  we  should  readily 
recognize  them  again. 

Wlien,  therefore,  we  came  to  trace  the  beds  inland  and 
found  a  quarry  where  the  sandstones  (3)  were  exposed* 
we  should  naturally  expect  to  discover  indications  of  the 
shales  above  and  below  them  somewhere  on  either  side  of 
the  quarry.    If  further  search  in  one  direction  disclosed 
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the  exact  distance  between  the  points  where  the  upper  and 
lower  boundary  lines  of  each  formation  cut  the  line  of  sec- 
tion, we  can  draw  lines  from  these  points  with  the  observed 
inclination,  in  this  case  at  lO"*  to  the  E. 

When  such  a  section  has  been  constructed  and  drawn  on 
a  definite  scale,  the  total  thickness  of  the  beds  exposed  at 
the  surface  can  easily  be  calculated.  Thus  supposing  the 
section,  ^f^.  108,  to  be  drawn  on  the  scale  of  six  inches  to 
one  mile,  the  thickness  of  the  beds  which  come  to  the  sur- 
face between  the  points  h  and  c  is  shown  by  the  line  c  o 
drawn  at  right  angles  to  their  dip ;  the  length  of  this  as 
measured  by  a  scale  is  fths  of  an  inch  =  550  feet,  while  the 
breadth  of  ground  occupied  by  their  outcrops  measures 
more  than  twice  as  much.^ 

Moreover,  it  is  evident  that  we  can  also  ascertain  in  the 
same  manner  the  depth  of  any  given  bed  below  any  point 
along  this  line  of  section.  Suppose,  for  instance,  that  h  o 
is  a  bed  of  ironstone,  and  that  we  wished  to  determine  the 
depth  at  which  it  would  be  found  in  a  perpendicular  shaft 
below  the  point  d.  By  scaling  off  the  length  of  the  vertical 
line  under  d,  this  depth  is  found  to  be  about  |ths  of  an 
inch  =  330  feet. 

To  make  such  a  calculation  it  is  not,  of  course,  necessary 
to  construct  a  section  on  a  definite  scale.  It  is  only  neces- 
sary to  observe  the  angle  of  dip  and  to  measure  the  dis- 
tance of  the  given  point  from  the  outcrop  of  the  particular 
stratum,  and  the  desired  depth  can  be  asoertainea  trigono- 
metrically  by  the  solution  of  a  right-angled  triangle  of 
those  dimensions.  To  save  trouble  reference  is  generally 
made  to  a  depth  and  thickness  table,  which  gives  the 
thickness  measured  at  right  angles  to  the  dip,  and  the 
depth  measured  at  right  angles  to  the  horizon,  for  every 
angle  of  inclination  th&t  any  given  bed  will  attain  in  a 

^  The  term  outcrop  is  often  used  for  the  tract  of  ground  occupied 
by  the  outcrops  of  a  set  of  beds  of  the  same  lithological  character, 
such  as  make  up  what  is  called  a  sandstone  or  a  shale.  Pro^rly 
speaking,  however,  the  outcrop  of  the  sandstone  in  fig.  108  is  at 
a,  and  the  tract  of  ground  between  d  and  2,  which  is  formed  by  the 
basset  edges  of  the  successive  beds  of  sandstone,  would  he  more 
correctly  termed  the  basset  surface  of  the  sandstone,  as  distin- 
guished from  its  natund  surface,  which  is  that  covered  by  the 
overlying  shale. 
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horizontal  distance  of  1,000  (feet,  yards,  etc.),  measured 
directly  across  the  strike. 


DEPTH  AND  THICKNESS  TABLE. 
Horizontal  distance  =  1000. 


Angla  of  Dip. 

Depth. 

ThiekneM. 

Angle  of  Dip. 

Depth. 

Thiokness. 

1 

17 

17 

16 

287 

276 

2 

35 

35 

17 

307 

292 

8 

53 

53 

18 

318 

309 

4 

70 

70 

19 

345 

326 

5 

88 

87 

20 

366 

342 

6 

106 

105 

25 

469 

423 

7 

123 

122 

30 

580 

500 

8 

141 

139 

35 

705 

674 

9 

160 

157 

40 

842 

656 

10 

177 

174 

45 

1000 

707 

11 

195 

191 

50 

1190 

766 

12 

214 

208 

55 

1430 

819 

13 

232 

225 

60 

1740 

866 

14 

252 

242 

65 

2140 

906 

15 

269 

259 

70 

2760 

940 

Folds  and  Flexures. — ^Although  beds  sometimes  con- 
tinue to  dip  at  nearly  the  same  angle  for  several  miles,  yet 
it  will  generally  be  found  that  the  whole  series  is  bent  into 
a  great  curve,  so  that  in  crossing  their  lines  of  outcrop  we 
shall  come  to  a  point  where  the  beds  dip  in  an  opposite  di- 
rection. In  low  countries  and  broad  table-lands  these 
curves  are  sometimes  only  gentle  undulcUiona;  elsewhere 
more  decided  folds  and  flexures  occur,  while  in  mountain 
regions  the  rocks  are  often  bent  or  crumpled  into  a  series 
of  wonderful  convolutions  or  contortions. 

When  these  folds  are  on  a  large  scale  they  are  spoken  of 
as  anticlinals  and  synclinals ;  an  anticlinal  fold  being  that 
in  which  the  beds  are  bent  upwards  into  the  shape  of  an 
arch  or  saddle,  and  a  synclinal  fold  where  they  are  bent 
downwards  as  into  a  trough.  Such  curves  are  always  sup- 
posed to  be  bent  upon  an  imaginary  line  which  is  called  the 
axis  of  the  curve ;  thus  in  fig.  110  the  axis  of  a  synclinal 
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curve  is  intersected  at  the  point  s,  and  the  axis  of  an  anti- 
clinal curve  at  the  point  a. 

Fig.  109  is  an  ideal  plan  of  a  district  to  show  the  way  in 
which  the  outcrops  of  beds  that  are  bent  into  anticlinals 
and  synclinals  are  repeated  on  either  side  of  the  axis ;  it  is 

c  s 

4 


Fig.  109.  Plan  of  Beds  bent  into  an  anticlinal  and  synclinal  Cunre. 

part  of  a  geological  map  in  fact,  markings  or  patterns  serv- 
ing the  purpose  of  colours,  and  fig.  110  is  a  section  across  it 
along  the  Ime  o  d. 

The  beds  are  numbered  from  below  upwards,  and  it  is 
evident  from  inspection  that  the  beds  or  groups  of  beds, 
1,  2,  3,  are  repeated  on  either  side  of  the  synclinal  axis,  s  s. 


1  2         1  A         12     3     4 

Fig.  110.    Section  along  the  line  C  D  in  fig.  109. 

and  that  the  groups  2,  3,  4,  are  repeated  on  either  side  of 
the  anticlinal  axis,  a  a.  The  arrows  point  in  the  direction 
of  the  dip,  and  the  actual  dips  are  seen  in  the  section,  fig. 
110,  where  the  line  c  d  is  the  surface  of  the  ground. 
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centric  bands  crop  out  to  the  surface;  a  section  taken 
along  any  line  across  the  periclinal  would  present  a  similar 
appearance.  A  periclinal  with  inward  dips  is  often  spoken 
of  as  a  basin;  but  there  is  no  recognized  name  for  a  peri- 
cline  with  outward  dips.  Periclinals  which  are  much 
longer  than  they  are  wide  may  be  spoken  of  as  cymhoid 
or  cymbiformf  that  is,  boat-shaped. 

Monoclinal  Curves. — ^Wnen  a  set  of  horizontal  beds 
is  suddenly  bent  up  or  down  into  a  sharp  curve,  and  then 


Fig.  114. 

continued  horizontally  at  a  higher  or  lower  leyel,  the  flexure 
is  called  a  monoclinal  or  unidincU  curve.  In  the  Isle  of 
Wight,  for  instance  (see  fig.  107),  the  strata  which  form 
the  hills  in  the  southern  part  of  tiie  island  are  horizontal, 
but  in  the  middle  of  it  they  suddenly  plunge  down  at  a  very 
steep  angle  to  the  north,  and  then  pass  horizontally  below 
the  newer  beds  which  form  the  low  ground  in  the  north  of 
the  island. 

Even  if  the  beds  are  bent  back  again  by  a  second  corre- 
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Fig.  115.    Diagram  of  the  Structure  of  the  Kaibab  Plateau, 

Colorada 

sponding  flexure,  so  as  to  resume  their  former  level,  the 
form  produced  is  not  an  arch,  and  though  it  might  be 
called  a  flat-topped  anticlinal,  yet  it  is  better  to  consider  it 
as  a  combination  of  two  monoclinals. 

The  region  of  the  Colorado  Plateaux  in  North  America 
affords  many  instances  of  single  and  double  monoclinal 
curves.  The  great  features  of  Qie  country,  in  fact,  depend 
upon  them,  for  the  strata  are  horizontal  except  where  they 
are  bent  upwards  or  downwards  by  such  curves  (see  fig.  115). 
The  country  is  thus  divided  into  great  blocks,  several  miles 
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in  breadth  and  many  miles  in  length,  which  have  been  nn- 
eqoallj  lifted,  so  that  each  differs  from  its  neighbour  in 
relative  altitude.  These  blocks  are  bounded  either  bj  mono- 
dinal  curves  or  hj  displacements  of  the  strata  (— faidts). 
Fig.  115  is  a  representation  of  the  Kaibab  block,  copied 
from  a  woodcut  in  Major  Powell's  Eeport  of  his  "  Explo- 
ration of  the  Colorado."  Its  upper  surface  constitutes  the 
Kaibab  Plateau,  which  has  a  width  of  about  15  miles,  and 
the  strata  of  which  it  is  formed  are  flexed  down  along  both 
margins.  The  plateaux  which  compose  the  Colorado  pro- 
vince reach  altitudes  of  5,000  to  11,000  feet  above  the  sea, 
so  that  some  of  the  blocks  into  which  they  are  divided  form 
true  mountain  ranges,  such  as  the  Uinta  mountains. 

Isoclinal  Curves  and  Inversion  of  Beds. — ^These 
flexures  are  in  some  instances  carried  out  so  far,  both  on 
the  small  and  large  scale,  that  the  beds  are  more  or  less 
inverted,  and  the  lower  surfaces  of  beds  may  be  mistaken 
for  their  upper  surfaces.    Thus,  in  fig.  116,  beds  of  shale 

A  B  c 


Fig.  116.    Isoclinal  Cnnres. 

and  limestone  are  bent  into  folds  which  are  tilted  over  in 
one  direction,  so  that  the  same  bed  is  brought  to  the  sar- 
f  ace  again  and  again,  and  an  observer  who  walked  over  the 
ground  might  be  deceived  into  thinking  that  he  was  dealing 
with  a  great  thickness  of  beds  all  dipping  uniformly  in 
one  direction,  until  he  came  across  some  quarry  or  open 
section  which  showed  him  the  true  structure  of  the 
country.  A  structure  like  this,  where  the  folds  are  all 
inclined  in  one  direction,  has  been  termed  isoclinal.  At  o 
the  folding  has  been  so  great  as  to  produce  complete  inver- 
sion. Such  inversion  may  sometimes  be  actually  seen  in 
cliffs,  as  in  North  Devon,  or  in  the  sides  of  mountains,  as 
in  fig.  117,  which  is  a  sketch  of  the  curved  strata  seen 
in  certain  Alpine  peaks  by  Professor  Bonney.^    In  other 

^  See  his  *'  Alpine  Regions,"  p.  21. 
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Fart  L,  Chapter  TV.,  the  rocks  must  necessarily  be  sub- 
jected to  great  strains  and  pressures. 

Though  the  earth  as  a  whole  seems  to  be  extremely 
rigid,  jet  the  rocks  of  which  the  crust  is  composed  are  by 
no  means  rigid ;  all  clays  and  shales  are  more  or  less  plastic, 
and  many  sandstones  can  be  bent  to  a  certain  degree  with- 
out  fracture.  Further,  in  many  cases  it  is  probable  that 
the  rigidity  of  the  harder  rocks  has  been  caused  by  the 
compression  of  their  mass.  Hence  we  may  conclude  that 
the  earth's  crust  is  plastic  within  certain  Umits,  and  that 
folding  and  crumpling  of  its  materiab  is  possible  under 
certain  conditions. 

It  has  been  suggested  that  the  mere  vertical  subsidence 
of  a  large  area  of  the  earth's  surface  will  be  sufficient  to 
cause  much  flexure  and  contortion.  Mr.  J.  M.  Wilson  has 
considered  the  results  of  subsidence,^  and  he  argues  that 
the  borders  of  such  an  area  must  be  subjected  to  lateral 
pressure  and  that  the  rocks  of  which  it  consists  must  be 
more  or  less  folded  and  contorted.  He  therefore  concludes 
that  "  contortions  are  the  inevitable  result  of  the  subsidence 
of  a  curved  surface." 

if,  however,  we  examine  his  results  it  does  not  appear 
that  mere  subsidence  is  capable  of  producing  much  com* 
pression.  He  constructed  a  table  to  show  the  amount  of 
compression  which  would  result  from  a  given  amount  of 
subsidence,  and  from  this  it  appears  that  if  a  circular  region 
of  the  earth's  crust  measuring  690  miles  across  the  suiiaoe 
were  depressed  through  one  mile  (5,280  feet),  its  mass 
near  the  surface  would  be  compressed  into  a  space  which 
had  a  diameter  narrower  by  633  feet.  It  foUows  from 
this  that  every  bed  of  rock  in  this  tract  would  be  com- 
pressed to  the  amount  of  1  foot  in  every  5,800  feet,  and  if 
the  region  were  originally  2,760  miles  across  the  compres- 
sion would  only  be  1  foot  in  6,000.  This  is  so  small  an 
amount  that  it  could  all  be  expended  in  consolidation  with- 
out flexure.  Even  if  we  assume  a  depression  through  four 
miles  (21,000  feet)  the  amounts  of  compression  are  only  1 
in  1,510  and  1  in  1,550  respectively,  and  this  would  go  a 
very  little  way  toward  producing  the  amount  of  flexure 
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represented  in  tlie  preceding  figures;  for  an  ordinary 
anticline  like  that  represented  in  fig.  110  means  a  compres- 
sion of  1  in  every  3  feet,  that  is  to  say,  3  feet  are  bent  on  a 
chord  of  2  feet,  and  800  on  a  chord  of  200  feet. 

It  is  evident  that  for  such  results  we  require  a  much  greater 
compressive  force  than  is  supplied  by  the  mere  depression 
of  a  curved  surface ;  a  greater  force  may  be  found  in  the 
secular  contraction  of  the  earth's  crust,  which  follows  from 
the  cooling  of  the  earth  as  a  whole,  but  Mr.  Fisher  has 
shown  that  this  could  not  do  all  the  work  that  has  been 
done,  and  he  suggests  that  local  pressures  are  exerted  by 
convection  currents  in  the  liquid  substratum  upon  the 
under  surface  of  the  crust.     The  consideration  of  this 


Fig.  121.  Fig.  122. 

Sir  James  Hall's  experiment. 

matter  must  be  deferred  to  a  later  chapter ;  at  this  stage 
the  student  must  be  content  with  the  fact  that  plication 
can  be  produced  by  lateral  pressure  applied  under  the  con- 
dition of  great  vertical  we^^ht,  as  was  proved  long  ago  by 
the  experiment  of  Sir  James  Hall.  He  took  pieces  of  diffe- 
rently coloured  cloths,  placed  them  horizontailv  on  a  table, 
and  covered  them  by  a  weight  (see  fig.  121).  He  then 
applied  pressure  at  the  sides  (h  h,  fig.  122),  and  found  that 
while  the  weight  was  slightly  raised  the  cloths  were  folded 
and  contorted  in  a  manner  exactly  analogous  to  the  foldings 
and  contortions  observed  in  nature  and  illustrated  by  the 
preceding  figures. 

It  must  be  remembered  that  the  rocks  which  now  appear 
80  intensely  crumpled  and  contorted  have  been  buried 
under  vast  thicknesses  of  other  rocks,  and  consist  of  various 


434  STRUCTURAL  GEOLOGY.  [PABT  II. 

beds  of  unequal  hardness,  wluch  would  offer  unequal 
resistance  to  the  force  of  lateral  pressure.  Moreover,  the 
disturbances  which  caused  the  pressure  have  been  repeated 
at  many  periods  of  geological  history,  so  that  the  older 
rocks  of  a  region  that  has  been  subjected  to  many  such 
disturbances  are  naturally  more  bent  and  twisted  than  the 
newer  beds. 

Thus  in  the  south  and  east  of  Ireland  there  are  three 
great  rock-groups,  which  have  been  named  respectively 
the  Cambrian,  Ordovician,  and  Carboniferous ;  it  can  be 
shown  that  the  rocks  of  the  first  were  greatly  disturbed 
and  contorted  before  the  deposition  of  the  Ordovician,  that 
the  latter  were  similarly  plicated  before  the  deposition  of 
the  Carboniferous,  and  that  the  Carboniferous  have  also 
themselves  been  bent  and  folded  into  numerous  curves. 
It  is  not,  therefore,  surprising  that  the  Cambrian  beds 
should  in  many  places  have  been  twisted  into  a  confusion 
of  knots  and  contortions,  the  complete  unravelling  of  which 
would  be  a  perfectly  hopeless  task. 

There  is,  however,  one  kind  of  flexure  which  does  not 
appear  to  be  caused  by  direct  lateral  pressure,  or  rather  it 
may  be  due  to  the  conversion  of  a  lateral  pressure  into  a 
vertical  uplift.  This  is  monoclinal  flexure,  as  illustrated 
by  fig.  115.     To  this  we  shall  recur  in  the  next  chapter. 


CHAPTEE  rX. 


FAULTS   OB   DISLOOATION8. 

I.  Direct  or  Normal  Faults. 

IF  great  thickness  of  hard  and  solid  rocks  can  be  bent 
into  the  cnrves  and  contortions  described  in  the  last 
chapter,  it  may  easily  be  conceived  that  a  different  applica- 
tion of  the  same  force  would  be  capable  of  cracking  and 
breaking  through  them.  We  find  accordingly  that  rocks 
are  often  traversed  by  great  cracks  or  fissures,  which  pro- 


Fig.  123.    Faults  with  the  same  amount  of  Throw. 

duce  not  only  a  severance,  but  a  displacement  of  the  beds 
on  either  side,  so  that  the  separated  portions  are  raised 
or  depressed  far  above  or  below  those  with  which  they 
were  originally  connected.  These  fractures  and  displace- 
ments of  large  masses  of  rock  are  called  dislocations  or 
faults. 

Throw  and  Hade  of  Faults. — Suppose  fig.  123  to 
be  a  vertical  section  through  a  mass  of  rock  dislocated  by 
two  faults,  8  s  being  the  surface  of  the  ground,  and  c  c  the 
course  of  a  single  bed  which  was  once  continuous,  but  has 
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been  broken  in  two  places  by  the  two  faults  /  a  and  /  &. 
The  two  sides  of  any  fault  are  spoken  of  as  the  wp-ccLst  and 
dovm-cast  sides,  though  it  is  generally  impossible  to  say 
whether  the  dislocation  has  resulted  from  the  depression 
of  one  side  or  the  upheaval  of  the  other.  In  fig.  123,  the 
mass  resting  upon  the  base,  h  a,  may  be  supposed  to  hare 
been  bodily  upraised. 

To  indicate  the  amount  of  displacement  caused  by  a  fault- 
miners  speak  of  its  throw ^  and  always  measure  this  by  the 
vertical  distance  between  the  broken  ends  of  any  given  bed. 
Where  the  plane  of  the  fault  is  vertical,  as/  a,  in  fig.  123^ 
the  amount  of  throw  is  easily  measured  along  it ;  but  when 
the  plane  of  the  fault  is  inclined  to  the  horizon,  as  at  /  6» 
the  throw  is  measured  by  prolonging  the  level  of  the  given 
bed  till  a  vertical  line  will  reach  its  continuation  either 


Fig.  124. 

above  or  below  it.  In  the  case  figured  the  throw  of  each 
fault  is  supposed  to  be  the  same,  viz.,  100  feet.  The  beds 
are  also  drawn  horizontal,  and  when  this  is  the  case  the 
amount  of  throw  is  also  measured  by  the  thickness  of  the 
beds  displaced  by  the  fault,  i.e.,  the  thickness  between  h 
and  d. 

The  student  must  observe,  however,  that  the  thickness 
of  the  beds  displaced  is  not  always  a  measure  of  the  throw 
of  a  fault ;  when  the  beds  are  inclined,  as  in  fig.  124,  the 
vertical  throw  of  the  fault,  measured  from  the  level  of  one 
end  of  the  broken  bed  to  the  level  of  its  continuation. 
I.e.,  from  a  to  b,  is  evidently  less  than  the  the  thickness  of 
the  beds  displaced. 

Miners  also  in  describing  the  "^vidth  of  a  fault"  mean 
the  horizontal  distance  between  the  broken  ends  of  a  bed» 
namely,  the  distance  c  d  m  fig.  123.     Geologists  require  & 
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more  logical  nomenclature,  and  often  want  to  express  the 
amount  of  stratigrapliical  displacement,  as  measured  hj 
the  thickness  of  beds  displaced,  Messrs.  Margerie  and 
Heim^  have  therefore  proposed  to  distinguish  the  three 
difEerent  measures  of  displacement  above  mentioned  bj 
the  tepns  vertical  throw,  horizontal  throw,  and  stratigraphical 
throw.  Thus,  in  fig.  124  the  vertical  and  horizontal  throw 
are  nearly  equal,  but  the  stratigraphical  throw  is  much 
greater  than  either. 

The  amount  of  displacement  or  "  throw  "  varies  from  a 
few  feet  to  many  hundred  feet ;  faults  involving  a  dis- 
placement of  even  several  thousand  feet  having  been 
found  in  some  places,  so  that  rocks  of  widely  different 
kinds  and  ages  are  brought  into  apposition  with  one 
another.  Thus,  there  is  every  gradation  between  cracks 
and  fissures,  which  are  merely  enlarged  joints  with  hardly 
any  vertical  displacement,  and  dislocations  on  the  great 
scale  above  mentioned. 

The  inclination  of  the  plane  of  the  fault  from  the 
vertical,  i.e.,  the  slope  from  /  to  6,  in  figs.  123  and  124,  is 
called  its  hade  or  underlie.  Thus  we  speak  of  the  dip  of 
a  bed  and  the  hade  of  a  fault,  but  their  angles  are  not 
measured  in  the  same  way.  Faults  usually  hade  at  a  high 
angle,  only  20°  or  30*"  from  the  vertical  being  common  in- 
clinations ;  and  they  are  sometimes  vertical,  as  at  /  a  in 
fig.  123. 

Open  and  Close  Faults. — ^When  faults  traverse  soft 
and  yielding  beds  of  rock,  such  as  shales  and  thin  sand- 
stones or  limestones,  the  fissures  themselves  are  often  mere 
planes  of  division  no  thicker  than  a  knife-blade. 

When  fatdts  traverse  very  hard  and  unyielding  rocks, 
such  as  thick  limestones  or  hard  flagstones,  and  still  more 
if  they  penetrate  hard  igneous  or  metamorphic  rocks,  the 
fissures  are  apt  to  be  much  wider  and  often  very  irregular. 
If  the  original  fracture  has  taken  place,  not  in  one  plane, 
but  so  as  to  produce  two  uneven  and  irregular  surfaces, 
these  surfaces,  in  sliding  one  over  the  other,  are  not  likely 
to  fit  very  closely,  but  will  leave  hollows  and  spaces  here 
and  there  between  the  two  walls  of  the  fissure. 

^  "  Dislocations  de  T^coroe  terrestre,"  Zurich,  1888,  p.  17. 
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It  is  true  that  the  grinding  process,  as  the  rook-surfaces 
moved  across  each  other,  would  often  greatly  diminish 
this  irregularity,  and,  in  soft  rocks,  probably  obliterate  it ; 
but  in  hard  rocks  it  is  usual  to  find  more  or  less  space 
between  the  walls  of  the  fault. 

In  all  faults  the  contiguous  surfaces  are  generally  found 
to  be  polished  and  striated  by  the  enormous  friction  which 
took  place  during  the  movement  of  one  face  across  the  other. 
These  appearances  are  known  by  the  name  of  elickensides, 
and  it  often  happens  that  such  slickensides  occur  on  the 
surfaces  of  all  the  joints  and  cracks  for  some  distance  on 
either  side  of  the  fault,  and  are  indicative  of  the  jarring 
nature  of  the  movement. 

It  must  not  be  supposed,  however,  that  such  fissures 
are  now  open  and  empty.  Sometimes  they  have  remained 
open  for  a  long  time,  and  have  been  gradually  filled  up 
with  deposits  of  crystalline  mineral  matter,  in  which  case 
they  are  converted  into  lodes  or  mineral  veins ;  these 
will  be  described  on  a  future  page.  In  other  cases  the 
spaces  between  the  rock-walls  are  filled  with  a  confused 
mass  of  fragments  broken  off  the  contiguous  rocks  during 
the  movement  of  dislocation,  mingled  with  sand  and  elay» 
produced  by  the  attrition  of  these  fragments  against  one 
another  and  the  walls  of  the  faidt.  This  mass  of  frag* 
mentary  material  is  termed  fatdt-roch,  and  is  often  con* 
solidated  into  a  kind  of  breccia. 

Very  large  lumps  and  blocks  of  the  broken  beds  are  some* 
times  included  in  this  way  between  the  walls  of  a  &.ult  and 
serve  to  indicate  the  existence  and  direction  of  the  fracture 
when  it  is  being  traced  along  the  surface  of  the  ground. 

Single  and  Branching  Faults. — In  cases  where  the 
dislocation  is  affected  by  a  single  line  of  fault,  it  is  clear 
that  the  beds  must  have  been  bent  either  upwards  or  down- 
wards  on  one  side  of  the  fault,  or  upwards  on  one  side  and 
downwards  on  the  other  for  a  certain  distance.  Thus  in 
fig.  125  some  beds  are  supposed  to  have  been  cracked  by 
the  fissure  a  5,  and  the  part  c  to  have  been  bent  down, 
but  we  might  just  as  easily  have  supposed  the  part  d  bent 
up,  or  both  operations  to  have  taken  place  simultaneously. 
Without  some  such  bending  no  dislocation  could  have 
occurred. 
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been  dropped  down  below,  or  squeezed  up  above  the  cor- 
responding beds  on  the  outside  of  them.  In  the  plan  fig. 
127,  let  A  B,  o  D,  be  two  faults  meeting  in  the  point  b,  the 
included  part,  e,  being  depressed  below  the  level  of  the 
outside  parts.  Even  in  this  case,  however,  the  beds  inside 
the  two  faults  must  b^  bent  down  in  the  direction  of  e  d, 
because,  as  the  two  faults  end  or  die  out  at  a  and  c,  the 


Fig.  127. 

whole  of  the  beds  must  be  on  the  same  level  there,  and 
gradually  change  that  level  in  proceeding  in  the  direction 
E  D.  The  figures,  as  before,  indicate  the  amount  of  throw. 
In  order  to  have  any  mass  of  beds  entirely  cut  off  on  all 
sides  from  those  that  surround  them,  and  wholly  depressed 
below  or  raised  above  them  on  every  side,  it  is  obviously 
necessary  that  we  should  have  at  least  three  straight  faults 


Fig.  128.    Compound  Fault. 

or  two  curvilinear  faults  surroimding  the  fractured  piece 
of  ground. 

Compound  Faults. — ^A  long  powerful  fault  is  often 
composed,  in  the  whole  or  part  of  its  course,  of  a  number 
of  parallel  fissures,  very  close  together,  along  a  narrow 
band  of  country,  breaking  the  rocks  into  a  corresponding 
number  of  steps,  as  in  fig.  128,  which  either  throw  all  in 
the  same  direction,  or  else,  having  some  steps  in  an  oppo- 
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site  direction,  produce  a  balance  of  throw  in  one  direction, 
so  that  it  is  treated  as  one  wide  fault. 

Sometimes  a  set  of  strata  are  repeated  again  and  again 
by  a  succession  of  parallel  faults  much  farther  apart  than 
those  in  fig.  128,  but  hading  in  the  same  direction,  so  as 
to  form  a  series  of  broad  steps,  as  in  fig.  129.  Such  step 
faults  might  lead  an  inexperienced  observer,  who  traversed 
the  slope  from  E.  to  W.,  to  think  that  the  outcrops  of  the 
bed  a  were  those  of  four  distinct  beds,  one  passing  beneath 
the  other,  whereas  in  reality  they  are  portions  of  a  single 
bed  broken  up  and  carried  down  to  different  levels. 

If  two  neighbouring  faults  hade  in  opposite  directions, 
the  two  planes  must  meet  along  some  line  below  the  sur- 
face, and  will  produce  what  is  called  a  trough  fauU.  In  such 
a  fault  the  trough  ^iece,  as  it  may  be  termed,  is  always  let 


Fig.  129.    Step  Faults.  . 

down  like  a  wedge  between  the  outer  masses  of  rock,  as  in 
fig.  130. 

The  op|K>site  faults  of  a  trough  may  be  either  tmequal 
in  throw,  as  in  the  trough  a,  or  equal  in  amount  of  throw, 
as  in  the  trough  b.  In  the  former  case  the  displacement 
along  the  line,  a,  e,  affects  the  whole  mass  of  the  surround- 
ing rock,  as  may  be  seen  by  tracing  the  beds  x  and  z 
through  the  dislocations ;  in  the  latter  case  the  displace- 
ments counterbalance  one  another,  and  affect  only  the 
trough-piece  b,  which  is  included  between  the  faults. 

Mr.  Topley,  however,  has  pointed  out  that  the  appear- 
ance of  a  trough  fault  may  be  caused  by  the  displacement 
of  one  fault  by  another.^  It  not  unfrequently  happens 
that  a  district  is  traversed  by  two  or  more  sets  of  faults 
produced  at  different  times,  and  if  one  of  the  first  set  be 
intersected  by  one  of  another  set,  a  complicated  series  of 


1   <c 


Geology  of  the  Weald,"  Mem.  Geol.  Survey,  p.  238. 
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displacements  may  arise.  Thus,  in  fig.  131,  the  bed,  w,  e, 
was  first  dislocated  hj  the  fault  a,  b,  c,  causing  a  simple 
downthrow  on  the  w  side  at  (.  Subsequently  a  second 
line  of  fracture  was  formed,  d,  e,  /,  which  hades  in  the 
opposite  direction,  so  as  to  cause  a  displacement  in  the 


B 


a 


Fig.  130.    Trough  Faults. 

plane  of  the  first  fault.  In  the  figure  this  second  fault  is 
drawn  with  a  downthrow  on  the  e  side,  and  the  result  of 
the  two  fractures  is  to  produce  a  trough  fault,  for  if  the 
downthrow  of  the  second  fault  was  on  the  w  side,  it  would 
be  a  reverse  fault,  which  is  of  rarer  occurrence. 


W 


Fig.  131. 

Downward  diminution  of  Throw. — Where  mining 
operations  are  carried  to  a  great  depth  it  has  been  observed 
that  the  throw  of  faults  diminishes  downward ;  that  is  to 
say,  where  a  fault  of  the  ordinary  kind  traverses  a  thick 
series  of  beds,  the  distance  between  the  broken  ends  of  a 
bed  near  the  surface  is  greater  than  the  distance  be- 
tween the  ends  of  another  bed  one  or  two  thousand  feet 
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squeezed,  so  that  the  thick  coal  lost  much  of  its  usual 
thickness  on  approaching  the  fault,  and  when  it  came 
within  10  or  12  yards  of  it,  it  was  bent  up  perpendicularlj', 
and  the  beds  below  it  rose  into  the  walls  of  the  gate-road» 
and  were  cut  off  above  by  the  red  rock  lying  obliquely 
across  them  at  an  irregular  line,  the  inclination  of  which 
to  the  horizon  did  not  exceed  37**,  somewhat  as  in  the  pre- 
ceding figure  (fig.  138),  which  is  condensed  from  a  rough 
sketch  and  measurement  I  made  on  the  spot." 

Effects  of  Faults  on  Outcrop.— Since  rocks  rarely 
remain  horizontal  oyer  any  considerable  area,  it  is  neces- 
sary to  study  the  effects  produced  when  a  series  of  inclined 
or  curved  beds  are  traversed  by  a  fault.  It  it  obvious  that 
the  displacement  must  affect  their  outcrops,  but  the  results 
produced  will  vary  according  to  the  following  circum- 


A  BCD 

Fig.  133.    Section  through  a  Fault  at  Himley  (after  Jukes). 

A,  The  Thick  coal  soueezed  and  bent  upwards ;  B,  Ironstones  and 
shales ;  c,  The  Heathen  coal ;  D,  Permian  beds. 

stances: — 1,  The  direction  of  the  line  of  fracture;  2,  the 
inclination  of  the  strata ;  ?,  the  amount  of  the  vertical  dis- 
location. When  the  line  of  fracture  cuts  more  or  less  directly 
across  the  strike  of  the  strata,  it  may  be  called  a  tramverse 
or  dip'favU ;  and  when  it  is  nearly  parallel  to  the  strike  of 
the  beds,  it  is  called  a  atrike  fault  Those  which  traverse 
the  strike  diagonally  may  be  called  oblique  faults,  and  will 
produce  a  more  complicated  shift.  Most  faults,  however, 
may  be  treated  either  as  transverse  or  strike  faults,  and  it 
will  be  sufficient,  therefore,  to  describe  the  surface  effects 
produced  by  these  two  classes  under  varying  conditions  of 
dip  and  flexure. 

Transverse  Faults, — If  a  set  of  beds,  dipping  at  a  given 
angle,  and  striking  in  a  given  direction,  be  traversed  by  a 
transverse  fault,  the  effect  of  the  vertical  throw  is  to  pro- 
duce at  the  surface  the  appearance  of  a  lateral  shift.    Let 
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fault,  80  as  to  be  preTented  from  cropping  out  to  the  sur- 
face at  all.  Thus  in  fig.  140  the  outcrops  of  the  beds 
numbered  4  and  5  are  wholly  concealed  from  view ;  and 
without  some  natural  cross  section  like  that  in  the  figure, 
such  a  fault  would  be  difficult  of  detection  at  the  surface, 
because  the  surveyor  would  be  apt  to  think  that  the  beds 
1,  2,  8,  6,  7,  were  in  continuous  succession,  unless  he  were 
previously  aware  of  the  existence  of  the  beds  4  and  5. 
The  same  result  would  be  produced  by  a  reverse  fault 
hading  in  the  opposite  direction. 

Magnitude  and  Extent  of  Faults. — ^Faults  are  some- 
times  dislocations  of  very  great  magnitude,  both  as  regards 
amoTmt  of  throw  and  the  horizontal  distance  over  which 
they  extend.     As  a  good  instance  of  a  strike  fault,  we 

ORB 


Fig.  141.    Section  through  Tipperary  (after  Jakes). 

c  M,  Coal  Measures,    o  R  s,  Old  Red  Sandstone, 
c  L,  Carboniferous  Limestone,    s,  Silurian. 

select  that  known  as  the  Slievenamuck  fault  in  coxmty 
Tipperary,  which  is  one  of  the  largest  in  Ireland.  This 
great  fracture  extends  for  a  distance  of  25  miles,  and  has 
a  downthrow  of  nearly  4,000  feet. 

Fig.  141  is  a  section  across  part  of  county  Tipperary, 
and  represents  the  dislocation  produced  by  this  fault. 
The  rocks  displaced  by  it  are  (1)  certain  slates  and  grits 
known  as  Silurian  rocks,  (2)  reddish  sandstones,  called  the 
Old  Bed  Sandstone,  (8)  grey  limestones,  called  Carboni* 
ferous  limestone,  (4)  black  shales  belonging  to  the  Coal- 
measures.  On  the  south  side  of  the  fault  the  Old  Bed 
Sandstone  is  found  rising  steeply  from  beneath  the  lime- 
stone of  the  Yale  of  Aherlow  and  forming  a  hill  called 
Slievenamuck,  1,200  feet  high.    In  this  hiU  its  beds  are 
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well  seen,  nearly  from  top  to  bottom,  and  their  total  thick- 
ness cannot  be  less  than  1,000  feet.  On  the  northern  slope 
of  the  hill  the  bottom  beds  of  the  Old  Bed  Sandstone  are 
exposed,  and  may  be  observed  to  rest  on  the  uplifted  edges 
of  the  Silurian  slates,  which  are  seen  for  some  depth  along 
the  face  of  the  hill.  But,  on  descending  the  hill  a  little 
lower,  we  come  suddenly  on  to  the  Coal-measure  shales 
dipping  at  a  gentle  angle  to  the  south,  and  abutting 
directly  against  the  Silurian  rocks.  These  shales  are  about 
800  feet  in  thickness  and  rest  evenly  on  limestones  similar 
to  those  in  the  Yale  of  Aherlow.  Numerous  beds  of  the 
same  Carboniferous  limestone  crop  out  to  the  north,  form- 
ing the  plains  of  Tipperary,  and  making  up  a  total  thick- 
ness of  about  3,000  feet.  Finally,  from  underneath  these 
limestones,  the  upper  beds  of  the  Old  Bed  Sandstone  again 
emerge,  forming  a  second,  but  much  lower  ridge  of  hiUs, 
which  may  be  called  the  Emly  ridge.  The  amoimt  of  dis- 
placement, as  measured  by  the  united  thickness  of  the 
beds  which  are  affected  by  the  fault,  is  1,000  +  800  + 
8,000  feet  =  4,800,  and  we  may,  therefore,  estimate  the 
fitratigraphical  throw  at  about  4,000  feet. 

In  England  a  transverse  fault  known  as  the  Yale  and 
Bala  fault  runs  from  the  lowland  of  Cheshire,  through  the 
Hundred  of  Yale  in  Denbighshire,  through  Bala  lake  and 
Tal-y-llyn  to  the  sea  coast  near  Towyn  in  Merioneth,  a 
distance  of  nearly  66  miles.  Its  downthrow  on  the  north- 
west side  is  estimated  to  be  between  8,000  and  4,000  feet. 
A  strike  fault  of  equal  magnitude  runs  along  the  western 
border  of  the  Pennine  HiUs,  from  Brough  in  Westmore- 
land into  EskdaJe,  for  130  nules,  and  is  known  as  the 
Pennine  fault.    Its  maximum  throw  is  nearly  6,000  feet. 

In  Scotland  a  powerful  fault  crosses  the  country  com- 
pletely from  sea  and  sea,  and  separates  the  more  ancient 
rocks  of  the  Highlands  from  the  newer  beds  which  form 
the  Lowlands.  Its  length  from  Loch  Lomond  to  Stone- 
haven is  about  110  miles.  Another  great  dislocation  sepa- 
rates the  Lowlands  from  the  Southern  Uplands,  running 
for  nearly  100  miles  from  Ayrshire  into  Peebles,  and 
having  an  estimated  throw  of  at  least  15,000  feet  in  one 
part  of  its  course. 

Strike  faults  often  form  the  boundary  of  one  formation 
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that  the  countiy  consists  of  a  number  of  long  wedge-shaped 
masses  of  faulted  strata,  some  of  which  have  been  carried 
for  many  miles  over  the  others,  and  the  original  order  of 
superposition  is  thereby  completely  inverted.^ 

Origin  of  Faults. 

In  endeavouring  to  explain  the  manner  in  which  faults 
have  been  produced,  it  is  necessary  to  consider  each  of  the 
two  great  classes  of  faults  separately,  for  it  is  obvious  at 
the  outset  that  displacements  which  differ  in  so  many 
points  are  not  likely  to  have  been  produced  in  the  same 
way. 

1.  Normal  faults  may  be  regarded  as  adjustments  of 
the  strata  to  conditions  which  require  them  to  spread  out 
over  a  wider  area  than  they  originally  covered.     Now  there 


Fig.  145.    Diagram  of  a  Region  faulted  by  upheaval. 

is  only  one  natural  operation  which  tends  to  produce  such 
conditions,  namely, upheaval.  When  a  portion  of  the  earth's 
surface  is  upheaved,  however  that  is  accomplished,  the 
upper  layers  of  the  crust  are  bulged  out  and  compelled  to 
stretch  out  over  a  larger  surface.  As  the  rocks  composing 
these  layers  have  very  little  elasticity,  the  tensions  set  up 
during  upheaval  must  soon  result  in  numerous  fractures, 
and  as  the  tension  is  greatest  at  the  surface  and  less  lower 
down,  there  will  be  a  greater  amount  of  fracturing  in  the 
upper  than  in  the  lower  layers ;  moreover,  as  the  severed 
blocks  have  to  occupy  a  vdder  space,  the  fractures  produced 
will  be  such  as  to  enable  the  masses  to  settle  down  till 
they  once  more  support  each  other  (see  fig.  145). 

^  Fig.  176  is  a  generalized  section  across  the  north  of  Scotland 
showing  the  long  slices  of  faulted  rock  which  have  been  thrust  one 
over  another  from  east  to  west.  The  base  of  the  slice  nCm  is  a 
major  thrust  plane  which  cuts  off  three  minor  thrust  planes  below  it. 
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During  elevation  also  another  influence  comes  into  plaj 
which  tends  to  reduce  the  mass  or  bulk  of  the  rocks  com- 
posing the  raised  area,  and  thereby  relatively  to  increase 
the  space  over  which  they  have  to  spread ;  this  is  contrac- 
tion consequent  on  drainage  and  desiccation  (see  p.  390). 
The  rocks  are  at  the  same  time  rendered  more  brittle  and 
more  liable  to  crack,  and  the  fractures  developed  would 
become  faults  as  the  blocks  settle  down  against  one  another. 

We  may  therefore  conclude  that  the  simple  elevation  of 
a  portion  of  the  earth's  crust  would  generate  fractures 
which  would  be  converted  into  dislocations  of  the  kind 
known  as  normal  faults.^ 

A  case  may  be  mentioned  where  simple  upheaval  seems 
to  have  produced  a  series  of  faults  of  the  normal  kind, 
such  as  would  result  from  the  settling  down  of  a  curved 
tract.  The  island  of  Barbados  in  the  West  Indies  consists 
entirely  of  Tertiary  strata.  They  fall  naturally  into  three 
groups  or  series ;  the  oldest  are  rocks  which  were  formed  in 
shallow  water,  the  next  series  consists  of  consolidated  oozes 
which  were  formed  in  oceanic  depths,  and  the  newest^  are 
coral  limestones  which  envelope  the  surface  formed  by  the 
two  older  groups,  this  surface  having  the  shape  of  a  flat- 
tened or  low-arched  dome.  It  is  clear  that  after  the  for- 
mation of  the  oldest  group  of  rocks  the  area  subsided  to  a 
great  depth  (probably  about  two  miles) ;  after  remaining 
for  a  long  time  as  part  of  the  ocean-floor,  it  was  finally 
raised  into  the  arched  surface  part  of  which  forms  the  exist- 
ing island  of  Barbados.  Thus  the  history  of  the  island 
invests  its  faults  and  flexures  with  a  peculiair  interest :  now 
the  oldest  rocks  are  greatly  flexured  and  contorted;  the 
oceanic  beds  are  only  tilted  or  gently  flexured,  but  they  are 
cut  up  by  faults  and  separated  into  blocks  which  are  wedged 
in  between  masses  of  the  older  series.  These  faults  do  not 
affect  the  coral  limestones,  and  they  must,  therefore,  have 
been  formed  during  the  upheaval  of  the  island  to  the  sea- 

^  Mr.  Mellard  Reade  has  pointed  out  that  wherever  rocks  have 
been  expanded  by  heat,  whether  caused  by  a  local  rise  of  the  iao- 

geotherms  or  by  the  heat  of  rising  columns  of  lava,  when  this  heat 
ecreases  the  rocks  will  cool  and  contract ;  faulting  will  thereby 
ensue,  and  the  faulted  blocks  will  subside  on  the  side  farthest  from 
the  source  of  heat. 
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level.  There  is  no  evidenoe  of  any  lateral  pressure  or  of 
any  other  kind  of  movement  but  upheaval  since  the  forma- 
tion of  the  oceanic  deposits. 

Let  us  now  fix  our  attention  on  a  single  line  of  fault. 
Suppose  that  in  the  diagram,  fig.  146,  we  have  a  section 
of  part  of  the  earth's  crust  of  which  a  b  is  the  surface  and 
o  D  a  deep-seated  plane,  subjected  to  pressures  which  cause 


1^^ 


Fig.  146.^ 

upheaval  of  the  part  a  b  c  d.  If,  then,  a  fracture  take 
place  along  the  line  b  f,  it  is  obvious  that  the  mass  i  will 
present  the  broader  base  o  f  for  the  upheaving  force  to 
act  upon,  and  also  that  this  mass  grows  smaller  towards 
the  surface ;  while  the  mass  k  has  the  smaller  base  and 
the  wider  surface.    It  is  clear,  therefore,  that  it  is  easier  to 


Fig.  147. 

lift  the  mass  i  into  the  position  a  c  e/,  than  the  mass  k 
into  the  position  g  h  b  j>.  The  mass  i,  therefore,  will 
become  the  upthrow  side  of  the  fault,  while  the  mass  k 
will  occupy  a  lower  level,  and  will  form  the  downthrow 
sida  Hence  the  rule  given  on  p.  453,  that  a  fault 
generally  hades  on  the  downthrow  side. 

^  This  figare  is  copied  from  that  in  Jukes'  "  Mannal  of  Geology," 
and  the  explanation  ia  abridged  from  that  given  by  the  same 
author. 
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This  is  yet  more  clearly  perceptible  if  we  suppose  two 
such  fissures,  as  in  fig.  147,  inclining  towards  each  other, 
since,  if  we  conceive  the  included  piece,  c,  to  be  elevated 
into  the  position  indicated  by  the  dotted  lines,  it  becomes 
wholly  imsupported,  unless  we  suppose  huge  injections  or 
dykes  of  igneous  rock  to  issue  out  along  each  fault,  which 
would  remove  the  case  from  the  class  of  fractures  we  are 
at  present  considering.  In  the  case  represented  by  the 
fig.  147,  the  masses  a  and  b  would  both  be  elevated,  and 
the  space  between  them  would  be  widened,  so  that  the 
mass  c  would  be  let  down  along  the  planes  of  the  two 
faults,  both  of  which  would  thus  hade  to  the  downthrow. 

In  this  case,  also,  we  have  the  key  to  the  explanation  of 
certain  trough  faults.  The  reader  must  recollect  that  the 
figs.  146  and  147  are  merely  diagrams  to  assist  his  com- 
prehension, and  not  actual  representations,  which  would 
necessarily  exhibit  a  much  greater  amount  of  complexity. 

The  general  conclusion  that  normal  faults  are  produced 
by  the  slippmg  and  adjustment  of  fractured  blocks  daring 
upheaval  is  confirmed  by  the  fact  that  faults  have  been 
actually  formed  with  the  accompaniments  of  upheaval 
and  earthquake  shock  (see  p.  60),  the  earthquake  being, 
apparently,  the  jar  from  the  sudden  yielding  along  the 
fault  plane. ^ 

2.  Reversed  and  thrust  favUa,  as  already  stated,  must  be 
regarded  as  adjustments  which  enable  the  strata  to  occupy 
less  horizontal  space  than  they  did  originally,  and  it  is  also 
clear  from  their  mode  of  occurrence  in  Scotland  that  this 
has  been  efEected  by  the  piling  up  of  the  fractured  strips 
of  rock  one  over  another,  as  in  the  diagram,  fig.  148. 

In  this  figure  a  h  represents  the  position  of  a  single 
stratum  before  the  faulting  took  place,  and  a  c  the  position 
of  the  severed  fragments  after  the  faulting,  each  broken 
piece  having  been  pushed  up  the  plane  of  the  fracture  in 
front  of  it.  To  get  the  arrangement  shown  in  figure  we 
have  only,  then,  to  imagine  the  shearing  off  of  the  sub- 
jacent and  superjacent  continuations  of  the  series  by  the 
two  thrust  phmes  t,  t. 

^  See  G.  Davison  on  British  Earthquakes,  "GeoL  Mag.,"  1891, 
pp.  67  and  306. 
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The  only  force  which  could  accomplish  such  an  adjust^ 
ment  is  a  lateral  thrust.  It  must,  in  fact,  be  the  extreme 
development  of  the  lateral  pressure  which  produces  isoclinal 
flexure,  and  the  frequent  association  of  isoclinal  flexures 
and  reversed  faults  makes  it  clear  they  are  due  to  the  same 
kind  of  impulse.  The  manner  in  which  this  force  is  sup- 
posed to  be  developed  will  be  discussed  in  Part  III. 

Connection  between  Faults  and  Folds. — ^It  has 
been  said  that  in  a  district  which  is  much  broken  by  faults, 
the  rock-masses  between  them  are  not  usually  much  con- 
torted. This  may  be  true  to  a  certain  extent,  but  must 
not  be  interpreted  to  mean  that  folds  and  f aijdts  are  not 
usually  associated.     On  the  contrary,  there  is  a  close  rela- 


Fig.  148. 

tion  between  them ;  and  the  two  great  classes  of  faults 
(strike  and  tra/ntverae)  may  be  regarded  as  connected  respec* 
tively  with  the  two  classes  of  flexures  described  in  the  last 
chapter.  In  the  midland  counties  of  England,  where  the 
beds  are  bent  into  two  sets  of  undulations,  one  parallel  to, 
and  the  other  transverse  to  the  general  strike,  there  are 
also  two  sets  of  faidts,  similarly  related  to  one  another. 
In  the  Wealden  area  of  Kent  and  Sussex  the  majority  of 
the  faults  have  the  same  strike  as  the  principal  folds,  viz.,^ 
from  east  to  west.^ 

It  is  possible  that  many  faults  are  only  surface  pheno- 
mena, and  that,  if  traced  downwards  into  the  earth,  they 
would  be  found  to  pass  into  anticlinal  or  synclinal  flexures. 
It  is  more  likely,  however,  that  the  relation  between  them 

*  Toploy,  "  Geology  of  the  Weald,"  Mem.  Geol.  Survey,  p.  237. 
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is  in  most  cases  an  indirect  one,  that  planes  of  weakness 
running  more  or  less  parallel  to  the  axes  of  the  folds  are 
produced  in  the  process  of  flexuring,  and  that  these  are 
developed  into  fractures  and  faults  by  subsequent  move- 
ments. 

Between  faults  and  monoclinal  flexures  there  seems, 
however,  to  be  a  closer  connection,  for  these  often  pass 
laterally  into  one  another ;  that  is  to  say,  the  same  line  of 
displacement  may  be  a  flexure  along  part  of  its  course  and 
a  fault  along  another  part,  the  flexure  gradually  becoming 
a  fracture  by  the  severance  of  the  upper  from  the  lower 
limb  of  the  curve.  It  is  possible  that  monoclinal  flexuro 
results  in  many  cases  from  the  displacement  of  a  deep- 
seated  subterranean  plane,  which  separates  two  very  dif- 
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Fig.  149.    Faults  and  monoclinal  folds. 

f  erent  series  of  rocks.  Suppose  a  b  c  in  fig.  149  to  be  por- 
tions of  a  mass  of  ancient  rocks  which  were  indurated* 
flexured,  and  faulted  before  the  deposition  of  the  newer 
series  d  e,  the  line  p  p  having  been  a  horizontal  sur&ce  of 
erosion  and  the  series  d  b  being  disposed  originally  in 
horizontal  strata  above  this  plane.  In  the  figure  it  is 
supposed  that,  under  lateral  pressure,  the  lower  mass  has 
given  way  along  the  pre-existing  &ults,  v  f,  and  that  the 
block  which  lay  between  them  has  been  forced  to  move 
upward,  so  as  to  cause  the  vertical  uplift  of  the  superjacent 
beds.  It  is  evident  that  this  tract  will  be  boxmded  by 
faults  or  flexures ;  whether  the  one  or  the  other  is  pro- 
duced will  depend  partly  on  the  thickness  and  pliability  of 
the  strata  forming  the  cover,  and  partly  on  the  amount  of 
local  uplift ;  and  it  is  quite  conceivable  that  the  displace- 
ment might  be  partly  by  faulting  and  partly  by  flexure. 
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Mineral  Veins. 

In  studjing  faults  our  object  has  been  cbieflj  to  describe 
their  effect  in  dislocating  the  beds  which  they  traverse,  and 
only  brief  mention  was  made  of  the  minerals  which  they 
occasionally  contain.  It  was  stated,  however,  that  where 
faults  traversed  hard  rocks,  they  are  generally  more  or  less 
open,  the  walls  having  been  kept  apart  in  some  places  by 
their  own  inequahties.  The  same  is  the  case  with  many 
large  cracks  and  joints  in  limestone  rocks  which  have  been 
widened  by  the  action  of  water. 

Now,  in  many  districts,  these  open  fissures  have  become 
the  repositories  of  minerals  that  have  been  subsequently 
introduced  into  them,  and  they  are  then  termed  lodes  or 
mineral  veins. 

The  minerals  they  contain  are  usually  in  a  crystalline 
form,  and  consist  of  quartz,  ealcite,  barytes,  or  fluor-spar, 
togeUier  with  the  ores  of  one  or  more  metals,  such  as 
lead,  copper,  zinc,  antimony,  or  silver.  It  is  to  the  metallic 
minerals  that  the  miner,  of  course,  chiefly  looks ;  and  he 
generaUy  speaks  of  the  earthy  minerals  as  the  gangtie  or 
vein-stuff.  The  mineral  contents  of  a  vein  are  sometimes 
confusedly  dispersed  through  it,  the  vein-stuff  occupying 
the  chief  part  of  the  space,  and  the  ore  occurring  either  as 
disseminated  crystals,  or  in  nests  or  strings.  Sometimes 
there  appears  a  regular  arrangement  of  the  various  sub- 
stances :  the  cheeks  or  waUs  of  the  lode  being  lined  with  a 
layer  of  crystals  of  one  kind  of  substance,  with  their  points 
or  apices  turned  inwards,  each  of  these  layers  being  covered 
by  a  crystalline  layer  of  another  substance,  evidently  depo- 
sited upon  the  first ;  and,  after  two  or  three  such  alterna- 
tions, a  lib  of  ore  is  found  in  the  centre  (see  fig.  150). 

This  kind  of  structure  seems  to  involve  the  idea  of  suc- 
cessive depositions  of  the  different  coatings  or  linings  of 
the  vein,  the  central  rib  of  ore  being  the  last  or  newest.  In 
some  cases,  it  appears  that  firesh  cracks  were  made  by  sub- 
sequent movements,  and  that  new  deposits  were  found  in 
these  openings,  slickenside  sur&ces  often  occurring  on 
their  sides. 

The  term  "  lode ''  is  the  name  applied  to  such  mineral 
veins  in  the  West  of  England ;  but  in  the  northern  parts 
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ore  being  found  in  tlie  former  and  another  in  tlie  latter. 
Where  the  date  of  the  cross  course  is  newer  than  that  of 
the  lode,  which  is  often  the  case,  it  is  easy  to  understand 
this  difference.  When,  howerer,  the  two  veins  are  con- 
temporaneous, as  sometimes  happens,  it  is  not  so  easily 
understood,  but  may  perhaps  be  due  to  differences  of  tem- 
perature in  the  stream  of  water  by  which  the  minerals 
were  introduced  iato  the  fissure. 

If  a  mineral  yeiu  be  inclined  from  the  perpendicular  (and 
they  are  seldom  quite  vertical)  it  is  obvious  that  any  sub- 
sequent fracture,  producing  dislocation,  will  displace  the 
first-formed  lode  just  as  if  it  were  a  bed.  In  the  same 
way  its  outcrops  at  the  surface  will  appear  to  be  shifted 
laterally.  Thus  in  fig.  151,  c  c  is  a  right  lode,  the  outcrop 
of  which  is  shifted  by  the  fissure  or  cross  vein,  v  v.  With 
regard  to  such  intersections,  Mr.  Jukes  observes  that  "  if 


Fig.  151. 

the  contents  of  the  right  vein  are  distinctly  broken  through 
by  the  cross  course,  it  is  certainly  strong  evidence  that  the 
cross  course  is  newer  than  the  right  running  vein.  If  the 
contents  of  the  cross  course  be  continuous  across  the  in- 
terrupted contents  of  the  right  running  vein,  the  evidence 
becomes  stiU  stronger;"  but  it  appears  that  such  is  not  in- 
variably, though  very  frequently,  the  case. 

It  should  here  be  remarked  that  the  hade  or  inclination 
of  lodes  is  always  calculated  from  the  vertical,  as  with 
faults,  and  not  from  a  horizontal  line,  as  with  beds ;  a  slight 
hade,  therefore,  answers  to  a  high  dip,  the  one  being  the 
complement  of  the  other,  a  hade  of  10°  being  a  dip  of  80**. 

By  what  processes  the  various  minerals  have  been  intro- 
duced into  veins  is  a  subject  on  which  much  has  been 
written,  but  little  is  certainly  known. 

Sir  H.  de  la  Beche  has  pointed  out  that  where  warm 
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water  is  rising  from  great  depths  through  narrow  fissures, 
it  must  lose  a  large  amount  of  heat  as  it  approaches  the 
surface.  Consequently  those  substances  which  are  onlj 
soluble  at  high  temperatures,  such  as  silica  and  many 
metals,  would  crystallize  out  of  solution,  and  would  be 
deposited  on  the  walls  of  the  fissure. 

This  theory  finds  support  in  the  fact  that  mineral  veins 
are  being  actually  formed  in  certain  volcanic  districts  at 
the  present  time.  Sulphur  Bank,  Califomia,  is  one  locality 
where  such  vein-formation  has  been  observed.^  Hot  springs, 
solfataras,  and  fumaroles  are  here  abundant,  and  ^e 
deposits  are  clearly  due  to  the  uprising  alkaline  or  solf  ataric 
waters.  At  a  certain  depth  below  the  surface,  beyond  the 
influence  of  atmospheric  agencies,  the  cracks  and  fissures 
in  the  rock  are  filled  with  a  hydrous  silica  (opal)  in  a  soft 
cheesy  condition,  generally  streaked  and  clouded  with 
cinnabar  (sulphide  of  mercury).  In  other  parts  of  the 
mine  the  silica  has  consolidated  into  chalcedony,  and  the 
cinnabar  is  found  sometimes  in  layers  alternating  with  the 
silica,  sometimes  lining  or  filling  fissures  by  itself.  Here, 
therefore,  veins  with  quartz  vein-stuff  and  metallic  ore  are 
now  actually  in  process  of  formation. 

It  has  been  f  oimd  that  some  relation  exists  between  the 
mineral  contents  of  a  vein  and  the  nature  of  the  rock  which 
it  traverses.  Some  Cornish  lodes  contain  copper  ore  where 
the  walls  consist  of  slate,  and  tin  ore  only  where  they  are 
of  granite.'  This  fact  may,  however,  be  explained  by  sup- 
posing that  different  rocks  are  capable  of  determining  the 
deposition  of  different  minerals  on  their  surfaces  under 
the  influence  of  terrestrial  electricity. 

^  See  paper  by  Leoonte  and  RLdng  in  "  Amer.  Joum.  of  Science^'* 
Ser.  3,  voL  xxiv.  p.  23. 

'  J.  W.  Henwood,  **  Trans.  GeoL  Soc.  Com.,"  voL  v.  p.  190. 


CHAPTEE  X. 

laNBOTJS   BOCKS   BEGABDED  AS  BOCK-MA88E8. 

THE  difEerent  kinds  of  Igneous  rocks,  regarded  from 
a  lithological  point  of  view,  as  hand-specimens  in 
which  different  minerals  can  be  seen  either  without  or  with 
a  microscope,  were  described  in  Chapter  III.  In  this  and 
the  next  chapter  we  shall  treat  them  as  rock-masses  and 
describe  the  positions  which  thej  occupy  in  the  crust  of 
the  earth. 

A  very  little  practical  experience  of  igneous  rocks  in  the 
field  teaches  us  that  the  most  important  point  in  which 
such  rock-masses  differ  among  themselves  is  the  relation 
in  which  they  stand  to  the  stratified  rocks  by  which  they 
are  surrounded.  In  relation  to  the  latter  igneous  rocks  are 
either  ifdrunve  or  interhedded;  that  is,  they  have  either 
been  injected  or  intruded  among  previously  existing  strata, 
or  else  they  are  interbedded  with  strata  which  were  formed 
around  the  active  volcano. 

There  is  another  point  of  difference  which  is  important, 
though  not  always  so  easily  ascertained.  Most  igneous 
rocks  have  been  in  direct  connection  with  volcanoes,  and 
may  be  called  eruptive,  but  the  subterranean  reservoirs 
from  which  they  issued  form,  when  cooled  and  crystallized, 
deep-seated  pltUanic  or  hypogenoys  masses.  It  is  often  diffi- 
cult to  say  whether  an  isolated  mass  of  granitoid  rock  was 
or  was  not  connected  with  an  active  eruptive  vent,  but  there 
is  good  reason  to  believe  that  many  masses  of  crystalline 
igneous  rock  are  the  terminal  portions  of  intrusive  magmas 
which  never  reached  the  surface,  but  consolidated  under  a 
thick  cover  of  stratified  rock. 

H  H 
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In  viewing  the  igneous  rocks  as  constituent  parts  of 
tlie  earth's  crust,  it  seems  most  natural  and  convenient  to 
proceed  from  the  known  to  the  less  known.  Commencing 
with  the  description  of  the  remains  of  actual  volcanic  ori- 
fices which  can  be  interpreted  by  our  knowledge  of  recent 
volcanoes,  we  may  proceed  to  consider  the  more  or  less 
circular  intrusive  masses  which  were  once  connected  with 
such  vents;  thirdly,  their  prolongations  in  the  form  of 
dykes,  sills,  and  laccolites;  and  lastly,  the  interbedded 
lavas  which  occur  in  acient  volcanic  districts. 


A.  Remains  of  Ancient  Volcanoes. 

Extinct  Volcanoes. — It  was  stated  on  p.  136  that 
modem  volcanic  cones,  in  common  with  all  other  terrestrial 
surfaces,  are  wasted  by  rain  and  &ost,  so  that  their  flanks 
are  trenched  by  deep  gullies  and  ravines.  As  long  as  the 
volcano  continues  to  be  active,  these  losses  are  more  than 
counterbalanced  by  fresh  ejections,  but  when  volcanic 
activity  finally  ceases  it  is  evident  that  such  losses  cannot 
any  longer  be  made  good ;  the  mountainous  pile  of  ashes 
and  lava-flows  will  slowly  succumb  to  the  continued  action 
of  the  detritive  agencies  until  nothing  but  a  worn-down 
stump  is  left  to  mark  the  existence  of  the  former  volcanic 
cone.  So  long,  however,  as  the  district  is  not  submerged 
beneath  the  sea-waves,  some  remnants  of  the  old  volcano 
will  generally  survive,  and  the  existence  of  such  extinct 
volcanoes  in  various  stages  of  ruin  and  decay  has  already 
been  mentioned. 

Some  still  preserve  their  cones  and  craters,  and  the 

lava-streams  proceeding  from  them  are  still  rough  and 

bristling,  though  they  have  never   been  active  during 

i  historic  times;   others  have  had  their  cones  and  craters 

I  more  or  less  obliterated  by  the  action  of  rain  and  frost,  and 

!  the  country  around  them  has  been  so  lowered  by  general 

detrition,  and  so  altered  by  the  erosion  of  valleys,  that  the 

lava-streams  which  originally  ran  down  the  lowest  ground 

they  could  find,  are  now  found  in  detached  remnants  on 

the  top  of  ridges  and  plateaux. 

No  better  example  of  such  extinct  volcanoes  could  be 
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cited  than  those  of  Auvergne,  in  central  France,  some  of 
which  are  shown  in  the  plate  at  the  end  of  this  Tolume.^ 

The  Limagne  d'Auvergne  may  be  described  as  an  exten- 
sive plain,  chequered  with  low  hills  of  fresh- water  marl 
and  limestone  which  are  capped  with  portions  of  lava-flows 
(Plate  II.,  fig.  in.).  This  tract  is  enclosed  on  the  east  and 
west  by  two  parallel  ranges  of  granite  and  gneiss,  that  to 
the  westward  forming  a  loftj  plateau  of  granite,  rising  to 
a  height  of  about  3,000  feet  above  the  sea,  and  1,600  above 
the  valley  of  Clermont.  This  granite  plateau  supports  a 
chain  of  volcanic  cones  and  dome-shaped  hills,  about 
seventy  in  number,  varying  in  altitude  from  600  to  1,000 
feet  above  the  plateau  and  forming  an  irregular  range 
nearly  20  miles  in  length  and  about  2  in  breadth.  The 
highest  point  of  this  range  is  the  Puy  de  Dome,  which 
rises  to  a  height  of  4,000  feet.  Many  of  the  cones  retain 
the  form  of  well-defined  craters,  and  their  lava-currents 
are  as  perfect  as  those  of  Vesuvius.  Plate  IL,  fig.  11., 
is  a  view  of  part  of  the  southern  chain  of  Puys,  as  these 
hills  are  locally  termed ;  several  of  them  are  broken  down 
on  one  side  and  lava-currents  have  issued  from  the  gap. 

One  of  the  most  remarkable  cones  is  the  Puy  de  Gome, 
which  rises  from  the  plain  to  the  height  of  900  feet ;  its 
sides  are  covered  with  trees,  and  its  summit  presents  two 
craters,  one  of  which  is  250  feet  in  depth.  A  stream  of 
lava  has  issued  from  its  base,  but  at  a  short  distance, 
having  been  obstructed  by  a  mass  of  granite,  it  has 
branched  and  flowed  round  it;  thence  it  can  be  traced 
along  the  granitic  platform  and  down  the  side  of  a  hill 
into  an  adjacent  valley,  where  it  has  dispossessed  a  river 
of  its  bed,  and  constrained  it  to  work  out  a  fresh  channel 
between  the  lava  and  the  granite  of  the  opposite  bank. 

Mont  Dore  (Plate  II.,  fig.  I.)  is  a  mountainous  tract,  the 
highest  portion  of  which  is  about  6,000  feet  in  altitude. 
The  dotted  outline  in  fig.  I.  shows  the  presumed  form  of 
the  crater  when  in  activity,  but  the  crater  is  ruined  and 
broken  down,  and  consists  of  a  group  of  seven  or  eight 

^  The  following  description  of  the  volcanoes  of  Auvergne  is 
abridged  from  that  in  Mantell's  "Wonders  of  Geology,^*  and 
founded  upon  Mr.  P.  Scrope's  work  on  the  *'  Geology  of  Central 
France.'' 
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products  were  interstratified,  and  e  is  part  of  an  inter- 
bedded  laya-stream,  which  originallj  proceeded  from  the 
Tent  that  surrounded  the  neck,  /. 

The  actual  site  of  an  old  volcanic  vent  is  sometimes 
manifested,  even  after  the  total  destruction  of  the  cone 
itself,  by  the  exposure  of  the  cylindrical  pipe  which  once 
terminated  upwards  in  the  central  orifice  or  crater  of  the 
YolcfiCno.  This  pipe  or  chimney,  when  disclosed  by  denu- 
dation, is  called  a  neck,  and  is  always  filled  with  some  kind 
of  volcanic  rock,  either  by  a  plug  of  solidified  lava,  or  by  a 
mass  of  volcanic  agglomerate.  Such  necks  vary  in  diameter 
from  a  few  yards  to  several  hundred  feet. 

A  vertical  section  of  a  neck  filled  with  crystalline  rock 
might  be  mistaken  for  a  dyke,  but  a  horizontal  plan  or 
sui^ace  exposure  would  show  that  it  is  a  round  or  oval  pipe 
and  not  a  long  fissure.  In  the  case  of  necks  filled  with 
agglomerate  the  nature  of  the  material  would  prevent  such 
a  mistake  being  made.  In  most  cases  the  surroimding 
rocks  are  partially  baked  or  altered  like  those  in  contact 
with  all  other  intrusive  masses,  but  there  is  one  class  of 
necks  in  the  neighbourhood  of  which  no  such  alteration 
has  taken  place. 

There  are  several  districts  in  the  British  Isles  where 
numerous  volcanic  necks  exist,  and  where  they  have  been 
flo  dissected  and  laid  open  by  coast  erosion  that  their 
relations  to  the  surrounding  rocks  can  be  examined  in 
detail.  County  Antrim,  in  Ireland,  and  the  shores  of  the 
Firth  of  Forth  in  Scotland,  are  two  of  these  localities. 

Fig.  153  is  a  plan  of  a  small  neck  of  porphyrite  in 
Haddingtonshire,  as  exposed  on  the  shore,  near  the  mouth 
of  the  river  Tyne.^  Its  longest  diameter  is  about  800  yards, 
and  a  section  through  it  would  probably  have  the  appear- 
ance shown  in  fig.  154.  The  beds  of  sandstone  through 
which  it  is  drilled  are  baked  and  hardened,  and  it  will  be 
noticed  that  they  are  bent  down  so  as  to  dip  everywhere 
towards  the  central  plug  of  lava.  Near  the  neck  the  dip 
is  often  between  4^'  and  50°,  but  at  a  little  distance  it  is 
only  15°  or  20.°  This  inward  dip  of  the  strata  surrounding 
a  neck  is  of  frequent  occurrence,  and  may  be  attributed 

^  "  Geology  of  East  Lothian/'  p.  4a 
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and  porcellanized,  while  the  basalt  is  bordered  by  a  band 
of  white  trap  from  2  to  3  feet  thick.  Still  farther  west- 
ward are  several  other  examples  of  small  necks  filled  with 
agglomerate,  and  projecting  through  the  shales  and  sand- 
stones which  form  the  shore,  so  that  the  observer  standing 
in  the  centre  of  one  of  them  can  easily  take  in  the  whole 
of  its  circumference.  These  must  have  been  mere  pocket- 
editions  of  volcanoes,  and  were  probably  only  blowholes  of 
dust  and  stones,  for  the  shales  in  contact  with  them 
are  not  altered  like  those  around  the  basalt  necks. 

The  alteration  of  the  stratified  rocks  in  contact  with 
necks  now  filled  with  agglomerate,  must  have  been  effected 
by  the  previous  passage  of  molten  lava  through  the  pipe, 
for  it  is  evident  that  the  passage  of  hot  gases,  dust,  and 
stones  could  hardly  produce  much  effect  on  its  walls.    It 


Fig.  155.    Section  across  the  Volcanic  Basin  of  Ayrshire. 

a.  Older  rocks.  b.  Sheets  of  porphyrite.    e,  Beds  of  tuff. 

d,  Red  sandstones,     e.  Volcanic  necks.  /,  Dyke  of  basalt. 


can  sometimes  be  demonstrated  that  this  was  the  case,  as 
in  the  following  instance  occurring  in  Ayrshire,  and  de- 
scribed by  Professor  J.  Geikie.^  "Outside  the  volcanic 
ring  (of  interbedded  ashes  and  lavas)  there  occurs  a 
number  of  small  rounded  hills  or  hillocks  consisting  of  a 
coarse  red  volcanic  agglomerate.  These  hills  are  true 
volcanic  'necks/  each  representing  a  former  crater  or  focus 
of  eruption.  .  .  .  They  descend  vertically  through  the 
Coal-measures  like  so  many  huge  pipes,  sometimes  standing 
on  lines  of  fault,  while  the  coal  near  them  is  altered.  In  one 
case,  that  of  Helenton  Hill,  near  Monkton,  I  found  the 
sides  of  the  neck  still  partially  crusted  with  a  mass  of 
rough  sooriaceous  melaphyre—the  remnant  of  the  slaggy 
scoria  which  once  coated  the  walls  of  the  volcanic  orifice." 
The  Fifeshire  examples,  and  others  where  the  contiguous 
strata  are  unaltered,  find  a  parallel  in  the  extinct  volcanoes 
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of  the  Eif el,  of  whicli  Sir  Charles  Lyell  aays,^  "  The  meet 
striking  peculiarity  of  a  great  many  of  the  craters  above 
described  is  the  absence  of  any  signs  of  alteration  or 
torrefaction  in  their  walls,  when  these  are  composed  of 

regular  strata  of  ancient  sandstone  and  shale There 

is  indeed  no  feature  in  the  Eifel  volcanoes  more  worthy 
of  note  than  the  proofs  they  afford  of  very  copious  aeriform 
discharges,  unaccompanied  by  the  pouring  out  of  any 
melted  matter,  except  here  and  there  in  very  insignificant 
volume." 

Bosses. — These  are  intrusive  masses  of  igneous  rock, 
from  which  the  upper  parts  have  been  removed,  and  which 
are  so  far  dissociated  ^om  any  erupted  rocks  as  to  make  it 
doubtful  whether  they  were  connected  with  volcanoes  or  not. 
Many  of  them  are  probably  the  basal  parts  of  volcanic 
necks,  but  others  may  be  parts  of  intruded  masses  which 
were  arrested  in  their  upward  progress,  and  did  not  suc- 
ceed in  reaching  the  surface.  Consequently,  it  is  usual  to 
speak  of  all  such  intrusions  as  bosses  until  some  evidence  of 
their  true  relations  can  be  obtained. 

Bosses  generally  consist  sf  coarsely  crystalline  rock,  but 
sometimes  they  are  partially  or  wholly  composed  of  com- 
pact rock  with  a  porphyritic  structure ;  and  it  is  often  ob- 
servable that  the  interior  portions  are  much  more  largely 
crystalline  than  the  outer  portions  of  the  mass. 

An  excellent  instance  of  this  came  under  the  writer's 
notice  at  Dalmeny  on  the  Firth  of  Forth,  where  the  Car- 
boniferous shales  and  sandstones  are  interrupted  by  an 
irregularly  oval  mass  of  igneous  rock  more  than  a  mile 
in  width.  Its  outer  portion  is  an  ordinary  fine-grained 
dolerite,  but  towards  the  interior  the  crystals  of  augite  and 
felspar  became  very  distinct,  and  the  central  portion  is  as 
coarsely  crystalline  as  any  granite,  some  of  the  augite 
crystals  being  an  inch  in  length  ;  scattered  crystals  of 
quartz  and  mica  increase  the  granitoid  aspect  of  the  rock, 
which  may  perhaps  be  designated  as  an  augitic  gabbro. 

They  usually  appear  as  irregularly  round  or  oval  masses, 
forming  conspicuous  hills,  and  the  stratified  rocks  around 
them  are  always  more  or  less  baked  and  altered.    On  a 
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geological  map  they  appear  to  take  tbe  place  of  so  much 
stratified  rock,  and  seem  to  haye  cut  or  bored  their  way 
upward  without  much  disturbing  either  the  strike  or  the 
dip  of  the  strata  in  which  thej  occur. 

The  eminence  called  Barrow  Hill,  near  Dudley,  may  be 
dted  as  an  instance.  This  mass  consists  of  coarse  basalt 
or  dolerite,  and  its  surface  exposure  forms  a  pear-shaped 
area  (as  shown  on  the  Geological  Surrey  map),  but  below 
the  surface  it  widens  out  in  the  manner  suggested  dia- 
grammatically  in  fig.  156,  sending  out  tongues  into  the 
adjoining  coal-measures,  which  are  baked  and  charred. 

One  of  the  most  striking  series  of  bosses  is  to  be  found 
in  Carnarvonshire,  and  good  evidence  has  recently  been 
obtained  for  considering  them  to  be  the  basal  portions  of 
the  volcanic  vents  from  which  were  erupted  the  great 


Fig.  156.    Intrasive  Mass  of  Dolerite  at  Barrow  Hill,  Dudley. 
1.  Dolerite.    2.  Coal-measores.    3.  Faults.    4.  Altered  coals,  etc 

series  of  volcanic  rocks  that  form  some  of  the  highest  and 
most  picturesque  moimtains  of  North  Wales.  These 
bosses  occur  at  intervals  along  a  line  which  runs  from 
Penmaenmawr,  near  Conway,  through  the  Snowdon  range 
into  the  peninsula  of  Ueyn,  a  distance  of  forty  miles ;  they 
include  the  great  domes  of  Foel  Fras  and  Mynydd  Mawr 
and  the  remarkable  g^oup  of  smaller  eminences  which  rise 
from  the  coast  near  Tr  Eifl  and  Nevin.  Their  real  connec- 
tions were  first  pointed  out  by  Mr.  A.  Harker,^  from  whose 
excellent  description,  and  from  the  still  more  recent  notice 
by  Sir  A.  G^ikie  ^  the  following  accounts  are  taken. 

The  largest  and  most  important  of  these  bosses  is  that 
of  Foel  Fras,  which  rises  to  3,000  feet  above  the  sea,  and 

^  <<The  Bala  Volcanic  Series  of   Camarvoufihire,*'  Sedgwick 
Prize  Essay,  1889. 
>  "Presid.  Address  to  GeoL  Soc.,"  1891,  p.  125. 
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dome-sliaped  hills  or  prominences ;  thej  pierce  the  strati- 
fied rocks,  seriously  interfering  with  the  general  dip  and 
strike.  Manv  of  them  are  flanked  by  felspathic  lavas 
and  tuffs  of  contemporary  date ;  and  he  therefore  regards 
them  as  the  stumps  of  some  of  the  volcanic  necks  which 
supplied  the  melted  and  fragmental  materials. 

Lfarge  areas  of  Granite. — A  remarkable  series  of 
granite  bosses  is  found  in  Devon  and  Cornwall  which  seem 
to  exhibit  another  stage  in  the  dissection  of  volcanic 
centres.  The  best  known  of  these  is  the  granite  area  of 
Dartmoor,  which  occupies  a  space  of  about  240  square 
miles,  and  rises  to  a  height  of  2,000  feet  above  the  sea. 
Notwithstanding  its  great  size,  its  relations  to  the  sur- 
rounding rocks  are  similar  to  those  of  the  bosses  above 
described. 

It  penetrates  and  alters  rocks  belonging  to  two  different 
systems,  viz.,  the  Carboniferous  and  Devonian.  Its  intru- 
sion,  however,  has  not  everywhere  brought  up  the  lower 
(viz.,  the  Devonian)  rocks  to  the  surface ;  neither  does  it 
appear  to  have  acted  in  any  sense  as  a  geological  axis 
or  centre  of  elevation,  but  it  cuts  across  the  boundary  line 
between  the  two  sets  of  rocks,  breaking  through  them  in  a 
large  irregular  mass,  which  rises  into  hills  of  considerable 
height  and  clearly  occupies  the  place  of  so  much  stratified 
rock  (see  fig.  160). 

Considering  the  great  size  of  this  mass  of  granite,  its 
metamorphic  action  on  the  contiguous  rocks  is  not  very 
great ;  this  does  not  generally  extend  to  a  greater  distance 
than  a  quarter  of  a  mile,  but  varies  according  to  the 
nature  of  the  rocks ;  and  where  the '  beds  dip  off  the 
granite,  as  they  do  on  the  north-east  side,  it  extends  farther 
into  them. 

It  has  been  suggested  that  the  granite  of  Dartmoor  is 
the  basal  core  of  an  old  volcano,  and  there  are  facts  which 
favour  this  view,  but  if  so,  all  the  superficial  and  eruptive 
portions  of  the  mass  have  been  broken  up  and  destroyed, 
and  the  neck  has  been  worn  down  to  the  very  base  of  the 
igneous  protrusion,  so  that  its  present  surface  is  probably 
not  very  far  above  the  general  surface  of  a  wide-spread 
granitic  mass  which  was  the  magma  or  reservoir  whence 
the  Dartmoor  material  was  derived. 
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dip  or  strike  of  the  slates  into  which  they  penetrate.  On 
this  point  Mr.  Jukes  remarks :  "  The  entire  want  of  con- 
formity between  the  irregular  outline  of  the  surface  of  the 
granite  and  the  position  of  the  aqueous  and  metamorphic 
slates  about  it  has,  I  believe,  been  the  origin  of  much 
scientific  and  some  practical  misapprehension.  Mr.  Curwen 
Salpion  was  kind  enough  to  send  me  some  time  ago  an  in- 
stance of  the  latter  from  one  of  the  Cornish  mines,  where, 
trusting  to  the  apparent  dip  of  the  slates,  a  shaft  was  sunk 
which  was  expected  to  be  wholly  in  the  slate,  but  which 
unexpectedlj  came  down  upon  a  subterranean  mound  of 
granite.  The  student  will  do  well  to  recollect  that  it  is 
quite  possible  for  beds  to  dip  directly  at  and  into  a  mass  of 
granite."  * 

Still  larger  tracts  of  granite  occur,  which  cannot  be  re* 
garded  as  subsidiary  to  a  single  volcano,  but  seem  to  have 
been  extensive  reservoirs  of  molten  rock  which  consolidated 
under  a  great  thickness  of  superincumbent  strata ;  such 
tracts  often  occupy  large  districts,  and  evidently  extend  to 
a  great  depth,  having  been  exposed  by  the  removal  of  the 
strata  which  originally  covered  them. 

Qranite  used  frequently  to  be  described  as  forming  the 
axis  of  mountain  chains,  or  the  nucleus  of  mountain-masses, 
and  it  was  taken  for  granted  that  the  upheaval  of  the 
granite  tilted  and  shouldered  off  the  stratified  rocks  which 
rested  upon  it,  so  that  these  always  dipped  away  from  the 
granite;  the  lowest  formation  resting  against  it  on  each 
side  with  a  regular  upward  succession  as  we  proceeded  from 
it.  The  occasional  appearance  of  granite  masses  in  the 
centre  of  mountain  chains  favotired  this  view,  but  more 
careful  and  extended  examination  showed  that  this  was  an 
accidental  relation. 

It  is  doubtless  true  that  granite  is  more  frequently  asso- 
ciated with  the  older  rocks  than  with  the  newer,  in  other 
words,  with  the  lower  than  with  the  higher  rocks.  This, 
however,  is  not  to  be  wondered  at,  seeing  that  granite  is 
essentially  a  deep-seated  rock,  and  that  it  has  risen  from 
beneath  the  earth's  crust ;  in  so  doing  it  must  have  passed 
through  the  lower  rocks  in  order  to  reach  the  higher,  and 

>  Jukes'  ''ManuAl  of  Geology,*'  third  edition,  p.  245. 


480  STBUCTURAL  GEOLOGT.  [PABT  II. 

many  injections  of  granite  have  only  penetrated  the  lower 
rocks  without  proceeding  further. 

There  is  also  a  still  more  cogent  reason  why  granite 
should  occupy  this  position,  viz.,  that  all  granite  now  found 
at  the  surface  must  be  there  in  consequence  of  vast  denu- 
dation having  taken  place,  great  masses  of  other  rocks 
having  been  removed  by  detrition,  together,  nerhaps,  with 
much  of  the  granite  that  once  existed  above  the  present 
surface.  This  denudation  of  course  exposes  the  lower  rocks 
to  view,  while  parts  of  the  higher  rocks  that  were  perhaps 
equally  penetrated  by  the  granite  have  been  removed,  the 
other  parts*  which  remain  being  at  a  distance  from  the 
granite,  and  showing  no  signs  of  such  penetration. 

The  relations  of  a  large  mass  of  granite  to  the  adjoining 
rocks  are  generally  rather  complicated,  the  boundaiy  line 
being  very  irregular,  and  the  granite  running  out  into 
tongues  and  bosses  as  already  mentioned.  Where  the 
junction  of  granite  with  other  rocks  can  be  studied  over  a 
large  area  it  suggests  the  arrangement  exhibited  in  the 
diagram,  fig.  161.  The  molten  rock  would  seem  to  have 
forced  its  way  upwards  and  sideways,  eating  away  support 
after  support  of  the  mass  above  it,  and  probably  in  some 
cases  actually  melting  them  down  and  absorbing  their 
materials  into  itself.  The  pressure  from  below  has  caused 
not  only  injections  of  the  yet  molten  rock  into  the  cracks 
and  fissures  of  the  superincumbent  mass,  but  undulations 
in  the  general  surface  of  the  granite,  some  parts  of  the 
overlying  mass  being  heaved  up,  and  others  linking  down 
into  the  granite.  The  upper  surface  of  the  granitic  mass, 
on  its  final  consolidation,  would  thus  be  an  excessively 
irregular  one,  with  protuberant  mounds  and  deep  hollows, 
while  the  beds  of  the  superincumbent  mass  would  not  be 
likely  to  conform  at  all  to  this  irregular  surface,  but  would 
often  dip  directly  down  on  to  it,  or  abut  against  it  in  aU 
kinds  of  ways,  and  with  any  amount  of  inclination. 

Fig.  161  may  be  taken  as  a  diagrammatic  illustration  of 
a  tract  of  stratified  rock  invaded  by  granite,  a  representing 
a  mass  of  granite  gradually  forced  upward  into  the  mass 
of  slate  which  had  already  been  disturbed  and  tilted  in 
various  directions.  The  horizontal  lines,  ah,  ed,  ef,  g k^ 
indicate  successive  surfaces  of  denudation.    So  long  as  the 
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This,  therefore,  is  a  sufficient  refutation  of  the  old  idea 
that  the  intrusion  of  granite  was  the  cause  of  elevation,  and 
that  the  rocks  in  contact  with  it  were  always  the  lowest 
and  oldest  to  be  found  in  the  country.  In  the  Leinster 
district  it  is  Silurian  or  newer  rocks  which  are  seen  to  be 
altered  into  gneiss  and  mica-schist  bj  contact  with  the 
granite.  '*  Moreover,  in  those  parts  where  the  granite  forms 
lofty  hills,  the  mica-schist  spreads  far  up  on  the  flank  of 
those  hills,  and  on  the  very  loftiest,  such  as  Lugnaquilla 
(which  is  over  3,000  feet  above  the  sea),  large  patches  of 
mica-schist  occur  even  on  the  summit,  so  that  the  surface 
exposure  of  granite  is  there  narrowest  and  most  inter- 
rupted."  Had  the  hills  been  left  another  500  or  1,000  feet 
higher,  the  granite  would  apparently  have  been  entirely 
concealed  there  by  masses  of  mica-schist  stretching  com* 
pletely  over  it. 

''  On  the  other  hand,  where  the  granite  forms  low  ground, 
as  above  TuUow  and  Hacketstown,  its  surface  exposure  is 
there  by  far  the  widest,  and  all  the  central  part  of  it  is 
completely  free  from  patches  of  mica-schist. 

"  It  is  obvious  that  these  differences  are  the  result  of  the 
different  amount  of  denudation  that  has  acted  on  the 
granite.  Where  the  ground  is  loftiest  we  have  the  nearest 
approach  to  the  original  surface  of  the  granite  and  its 
original  covering  of  other  rock ;  where  the  denudation  has 
cut  down  deepest,  so  as  to  form  low  ground,  there  we  get 
deeper  into  the  granite  mass,  or  further  from  its  original 
surface,  to  a  depth,  indeed,  to  which  no  mass  of  mica-schist 
could  extend,  unless  it  were  altogether  detached  from  the 
overlying  mass,  and  enclosed  in  the  gpunite."  ^ 

It  is  therefore  almost  certain  that  the  whole  of  Wicklow 
and  Wexford  is  underlain  by  a  continuous  mass  of  granite 
with  a  very  irregular  surface.  The  granite  district  of 
the  Moume  Mountains  in  county  Down  presents  similar 
features.* 

^  Quoted  from  Jnkes'  ''Manual  of  Geology,"  second  edition, 
p.  318.  It  should  however  be  stated  that  the  altered  rocks  cannot 
De  properly  called  gneiss  and  mica-scliist,  though  they  may  be 
descril^  as  micaceotis  schists, 

*  See  **  Memoirs  of  the  Geol.  Survey  of  Ireland,"  Sheets  60,  61, 
71,  72,  one  vol.,  1881,  and  Hor.  Section  22. 
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IGNEOUS   BOCKS   BEGABDBD   AS  B00K-MA88B8. 

B.  Veins,  I>tkbs,  Sills,  and  Lacgolites. 

CONNECTION  of  Plutonic  and  Volcanic  Rocks. 
— From  the  descriptions  giyen  in  the  preceding 
chapter  the  reader  will  be  prepared  to  accept  the  remark 
made  long  ago  bj  Jukes,  that  **  if  we  could  follow  any 
actual  lava- stream  to  its  source  within  the  bowels  of  the 
earth,  we  shoiild  in  all  probability  be  able  to  mark  in  its 
course  every  gradation,  from  pumice  or  obsidian  to  actual 
granite." 

The  probability  of  this  might  be  deduced  from  the  simi- 
larity in  the  ultimate  chemical  composition  of  G-ranites, 
Eelsites,  Rhyolites,  and  Obsidians,  as  shown  by  the  follow- 
ing table  of  analyses,  in  which  their  mean  composition  is 
given : — 
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ing  garnets,  while  the  granite  presents  the  following  modi- 
£cationB : — (1)  the  normal  granite  passed  into  a  sjenitic  or 
hornblendic  granite,  and  a  piece  taken  about  ten  yards 
from  its  contact  with  the  limestone  had  the  following 
composition : — 

Quartz 1716 

Orthoclase 67  18 

Hornblende 15*40 

©9-74 

(2)  the  veins  proceeding  from  this  hornblendic  granite, 
and  penetrating  the  limestone,  passed  into  a  kind  of  basic 
diorite  or  corsite  consisting  of — 

Anorthite 85*84 

Hornblende 14*16 

100-00 

Comparing  the  last  two  rocks  we  see  "  that  the  quantity  of 
hornblende  remains  almost  unaltered,  and  that  the  effect 
of  the  addition  of  limestone  to  the  melted  granite  has  been 
to  convert  the  quartz  and  orthoclase  into  anorthite.  In  this 
operation  the  alkalies  of  the  orthoclase  have  disappeared ; 
the  lime  being  a  more  fixed  base  at  high  temperatures  has 
altogether  displaced  the  alkalies.'*  ^  It  may  also  be  ob- 
served that  the  corsite  contains  24  per  cent,  less  silica  than 
the  hornblendic  granite. 

Segregation  Veins. — ^Yeins  of  a  compact  felsitic  cha- 
racter are  sometimes  to  be  found  in  the  granite  itself,  and 
contrast  strongly  with  the  surrounding  coarsely  crystalline 
and  highly  micaceous  rock.  Instances  occur  at  Killiney, 
near  Dublm,  where,  in  veins  about  three  feet  wide,  the  gene- 
ral mass  of  the  rock  is  ordinary  coarse-grained,  micaceous 
granite,  ''but  parts  of  them  suddenly  change  into  fine- 
grained, almost  compact  rock  (eurite),  in  transverse  bands 
of  irregular  shape.  These  bands  look  as  if  they  were 
subsequent  veins  injected  into  the  other  granite;  but 
as  they  are  strictly  confined  to  the  granite  veins,  and  do 
not  penetrate  the  adjacent  slates,  it  is  impossible  to  attri- 

^  <<  Quart.  Jonm.  Geol.  Soc,"  vol  xn.  pp.  192-198. 
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proportion  of  potash.  This  is  explained  by  Mr.  TeaJl  as  the 
effect  of  progressive  crystallization,  a  portion  of  the  mass 
consolidating  first,  and  being  of  a  comparatively  basic  com- 
position with '  low  silicated  felspars,  while  the  remaining 
portion  formed  a  sort  of  mother-liqnor  with  a  more  acid 
composition. 

Thus  the  syenitic  rock  of  Penmaen  Mawr,  near  Conway, 
has  a  micrographic  matrix  of  quartz  and  orthoclase,  in 
which  are  scattered  previously  formed  crystals  of  lime  and 
soda  felspars.  In  the  mass  occur  segregation  veins,  which 
Mr.  Teall  describes  as  perfect  examples  of  micro-pegmatite 
with  crystals  of  augite,  and  he  observes  that  **  on  comparing 
the  veins  with  the  rock  it  will  be  noted  that  they  consist 
of  the  minerals  which  formed  last,  namely,  augite,  ortho- 
clase, and  quartz.  .  •  •  They  are  composed  of  the  mother- 
liquor  left  after  the  separation  of  the  more  basic  com- 
pounds." *  Thus  they  appear  to  be  portions  of  the  magma 
in  which  silica  was  concentrated,  but  maintained  in  a  liquid 
condition  by  the  presence  of  steam  and  water-gas  under 
pressure,  and  were  injected  as  veins  into  that  portion  of 
the  mass  which  had  previously  consolidated. 

This  view  finds  confirmation  in  the  fact  mentioned  on 
p.  340,  that  when  analyses  have  been  made  of  the  crystal- 
line and  glassy  portions  of  the  same  rock,  the  glassy  base 
always  contains  more  silica  than  the  crystals,  and  appears 
also  to  hold  more  combined  water. 

Dykes  and  Elvans. — A  dyke  is  a  wall-like  mass  of 
igneous  rock  which  has  been  intruded  along  the  line  of  a 
more  or  less  vertical  crack  or  fissure.  Dykes  have  already 
been  mentioned  in  Part  I.,  Chapter  IL,  but  those  described 
in  that  connection  were  chiefly  the  smaller  dykes  which 
intersect  the  volcanic  cone  itself,  and  not  the  more  deep- 
seated  dykes  which  traverse  the  underlying  rocks.  When 
such  dykes  are  exposed  to  view  by  subsequent  denudation, 
the  baked  or  paiiiaUv  fused  condition  of  the  rocks  which 
form  the  sides  of  the  lava-filled  fissure  clearly  indicate  the 
igneous  character  of  the  intruded  material.  The  extent  to 
which  the  adjoining  rocks  are  thus  metamorphosed,  varies 
from  a  few  inches  to  several  feet. 

^  Teall,  "  Britieh  Petrography,"  p.  274. 
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a  dyke  coinciding  with  a  fault  and  thinning  out  upward 
while  the  faulted  fissure  continues,  is  mentioned  in  Lebour's 
"  Geology  of  Northumberland"  (p.  48). 

One  of  the  most  remarkable  examples  of  a  dyke  is  that 
known  as  the  Cleveland  dyke,  which  runs  from  the  York- 
shire coast  south  of  Whitby  for  a  distance  of  about  sixty 
miles  in  a  north-west  direction  to  Oockfield  Fell  in  Durham. 
This  dyke  forms  a  nearly  vertical  wall  of  basalt  50  or  60 
feet  thick,  cutting  through  all  the  other  rocks  which  it 
meets  with,  and  baking  them  for  a  distance  of  some  yards 
from  its  sides. 

We  have  no  means  of  knowing  how  far  such  dykes  ex- 
tend downward  into  the  earth,  but  if  we  could  foUow  them 
far  enough  we  should  probably  find  that  they  proceeded 
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Fig.  166.    Sheet  of  Igneous  Rock,  a  b,  traversing  Shales,  c,  and 

sending  off  a  Tongue,  t. 

from  some  large  intrusive  mass  of  diorite  or  syenite,  and 
that  they  exhibited  every  gpradation  from  the  characters  of 
a  Volcanic  to  those  of  a  Plutonic  rock. 

Intrusive  Sheets,  or  Sills. — When,  instead  of  fiUing 
a  more  or  less  vertical  fissure,  the  igneous  rock  has  been 
intruded  between  the  planes  of  stratification,  it  is  called  a 
sill.  The  rocks  above  and  below  a  sill  are,  of  course, 
baked  and  altered  just  in  the  same  way  as  Ihe  rocks  ou 
each  side  of  a  vertical  dyke. 

Intrusive  sheets  of  Diabase  have  been  traced  for  many 
miles  in  the  rocks  of  North  Wales,  running  regularly  b^ 
tween  two  beds,  as  if  they  were  interbedded  with  them, 
till  at  length  they  were  found  to  cut  obliquely  up  or  down, 
""id  continue  their  course  between  other  beds  (see  fig.  166). 
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Mr.  Harker  observes  tliat  *'  these  sheets  have  everywhere 
partaken  of  the  contortions  of  the  strata  among  which  thej 
lie,  and  it  is  even  possible  in  the  case  of  the  larger  intra* 
sions  to  trace  the  manner  in  which  the  folding  has  been 
modified  by  the  presence  of  these  stubborn  masses  of  rock 
among  less  resisting  materials.  It  may  be  asserted  with 
some  confidence  that  the  latest  of  the  basic  sheets  were  in- 
jected almost  at  the  time  when  the  plication  of  the  strata 
was  in  progress,  so  that  their  form  and  distribution  are 
partly  determined  by  the  f  olds.^  Occasionally  they  thicken 
out  into  lenticular  masses,  but  still  keep  to  the  same  stra* 
tigraphical  horizon. 

The  great  "  Whin  siU"  is  a  sheet  of  enstatite-dolerite» 
thrust  into  and  between  the  Lower  Carboniferous  strata, 
and  its  outcrop  extends  for  a  distance  of  about  80  miles 
through  Cumberland  and  Northumberland,  and  an  inlier 


Fig.  167.    Dyke  and  Sheet  of  Basalt,  TrottemiBh,  Skye. 

of  it  occurs  in  Teesdale,  so  that  it  must  have  a  very  wide 
subterranean  extent.  Its  average  thickness  is  from  80  to 
100  feet. 

The  island  of  Skye  has  already  been  mentioned  as  ex« 
hibiting  many  examples  of  vertical  dykes,  and  associated 
with  these  there  are  equally  interesting  and  instructive 
cases  of  intruded  sheets.  Fig.  167  is  copied  from  a  sketch  by 
Dr.  Macculloch,  and  shows  a  large  dyke-like  mass  of  basalt, 
a,  piercing  the  sandstones,  e,  and  giving  off  a  thick  hori- 
zontal sheet,  which  splits  up  into  three  smaller  sheets  or 
veins  (c  c  c)  ;  other  dykes  and  veins  run  into  or  from  this 
sheet,  both  upwards  and  downwards. 

The  extent  and  thickness  of  intrusive  sheets  is  some» 
times  very  considerable;  that  of  the  "Whin  sill"  has 
already  been  mentioned ;  in  South  Staffordshire  a  large 
sheet  of  dolerite,  varying  in  thickness  from  20  to  60  feet» 

^  "  The  Bala  Volcanic  Series  of  Carnarvon,"  p.  76. 
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was  found  to  spread  over  an  area  of  at  least  twenty  square 
miles  ;  in  one  part  of  the  district  it  lies  at  a  certain  depth 
below  the  bottom  coal,  but  in  another  part  it  passes  up- 
wards through  that  coal  and  spreads  out  over  it,  in  some 
places  even  sending  up  dykes  and  protuberant  bosses  into 
still  higher  measures. 

In  such  cases  as  these  we  may  suppose  that  having  been 
forced  up  through  previously-formed  fissures  to  a  certain 
height,  the  molten  rock  then  met  with  such  resistance 
above,  that  it  was  as  easy  for  it  to  lift  the  overlying  beds 
as  to  break  through  them  (see  fig.  167).  The  planes  of 
stratification  would  then  become  those  of  least  resistance, 
and  the  molten  stream  would  be  injected  along  those  which 
yielded  the  most  readily,  thinning  and  swelling  out  accord- 
ing to  the  varying  pressures  whi^  were  encountered  in  its 
course. 

Laccolites. — The  explanation  just  given  leads  us  to  the 
consideration  of  the  still  more  massive  intrusions,  forming 
huge  lenticular  masses  of  felspathic  or  trachytic  rock,  to 
which  Mr.  G.  K.  Q-ilbert  has  given  the  name  of  laccolites, 
or  stone-cisterns.'  These  appear  to  consist  of  the  less 
fluid  add  lavas,  which  do  not  flow  so  rapidly  (see  p.  26), 
and  would  not  be  able  to  make  their  way  between  the 

E lanes  of  stratification  so  easily  as  the  more  fluid  basaltic 
tvas.  Such  intrusions,  therefore,  would  exercise  still 
greater  upward  pressure,  and  could  not  fail  to  lift  the 
overlying  beds  to  a  greater  extent  than  the  doleritic  intru- 
sions, while  the  accumulated  weight  will  doubtless  also 
depress  the  underlying  rocks  to  some  extent  (see  fig.  168). 
The  intrusion  will  eventually  take  the  form  of  a  vast  lenti- 
cular mass  or  reservoir  of  igneous  rock. 

Laccolites  are  usually  drawn  with  a  vertical  pipe,  or 
feeder,  beneath  them,  but  it  seems  probable  that  in 
many  cases  the  feeder  was  at  one  end  of  the  lenticular 
mass.  When  they  occur  in  a  series  of  inclined  and 
flexured  strata  their  outcrops  will  form  oval  or  lenti- 
cular patches,  the  longer  axes  of  which  will  always  coin- 
cide with  the  strike  of  the  beds  in  which  they  lie.  Mr. 
Harker  observes  that  '*  this  elongated  form  of  outcrop  and 

^  *' Geology  of  the  Henry  Mountains,"  U.S.  GeoL  Survey. 
WaaWngton,  1877. 
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It  has  frequently  happened  that  the  streams  of  lava 
vhich  were  poured  out  of  a  volcano  on  to  the  floor  of 
a  neighbouring  sea  or  lake  hare  been  preserved,  whUe  the 
volcano  itself  has  been  destroyed.  The  volcano  may  have 
been  situated  near  the  sea-shore,  or  it  may  have  been  a 
volcanic  island,  or  it  may  have  been  entirely  submarine, 
and  it  is  the  accident  of  its  having  been  adjacent  to  an 
area  of  deposition  that  has  led  to  the  preservation  of  its 
lavas. 

Each  flow  or  coulee  of  lava  has  been  covered  up  by  the 
deposits  which  were  accumulating  in  the  adjacent  lake  or 
Bea,  and  when  the  whole  area  has  been  upheaved  and  dis- 
Bected  by  the  scalpel  of  aqueous  erosion,  the  lava-flows 
are  seen  to  be  interhedded  or  interstratified  with  the  sedi-* 
mentary  deposits.  Their  very  nature  and  mode  of  origin, 
therefore,  limits  them  to  this  one  form  or  mode  of  occur- 
rence, and  all  such  interstratified  masses  may  consequently 
be  described  as  sheets.  Further,  it  is  evident  that  they  and 
the  sedimentaiy  beds  with  which  they  are  associated  must 
<K>nstitute  one  consecutive  series,  and  that  in  this  sense  the 
sheets  of  igneous  rock  are  contemporaneous  with  the  beds 
of  stratified 'rock.  With  them  are  frequently  associated 
deposits  of  ash  or  tuff,  the  material  being  sometimes  fine, 
sometimes  coarse  or  conglomeratic,  and  often  compacted 
and  indurated  into  a  hard  and  rough  rock. 

Proofs  of  Interbedding. — It  is  particularly  important 
that  the  observer  should  be  able  to  decide  whether  any 
sheet  of  igneous  rock  he  may  meet  with  is  interhedded  or 
intrusive ;  whether,  in  fact,  it  is  to  be  regarded  as  contem- 
poraneous with  the  rocks  among  which  it  lies,  or  as  having 
been  intruded  between  them  at  some  subsequent  time,  for 
upon  this  determination  depends  the  geological  date  which 
is  assigned  to  the  rock  in  question.  It  will  therefore  be 
desirable  in  the  first  place  to  examine  the  signs  and  circum- 
stances which  serve  to  distinguish  interhedded  from  intru- 
sive sheets  of  lava  or  trap.     These  are, 

1.  The  slaggy  or  vesicular  character  of  the  upper  and 
lower  surfaces  of  the  sheet. 

2.  The  unaltered  character  of  the  overlying  beds  and 
their  general  relations  to  the  surface  on  which  they  rest. 

3.  The  association  of  stratified  ashes  or  tuffs. 
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1.  In  the  description  of  lava-streams  given  on  p.  26,  it 
was  stated  that  their  upper  surface  or  crust  was  sometimes 
rendered  slaggj  and  ropy  by  the  motion  of  the  current,  and 
in  other  cases  it  became  vesicular  and  scoriaceous  from  the 
escape  of  the  contained  gases.  The  surface  of  all  lava- 
streams  presents  one  of  these  two  conditions  in  a  greater  or 
less  degree,  but  intrusive  sheets  which  have  solidified  under 
the  pressure  of  the  overlying  beds  do  not  exhibit  these  ap- 
pearances. The  under-surface  of  a  lava-stream  is  also  very 
frequently  full  of  vesicles,  so  that  it  is  then  vesicular  both 
at  the  top  and  bottom  ;  subsequent  infiltrations  may  con- 
vert these  vesicles  into  amygdaloids,  but  this  only  renders 
them  more  conspicuous,  l^e  cavities  are  often  <uawn  out 
and  elongated  in  the  direction  of  the  flow,  so  that  by  this 
means  it  is  sometimes  possible  to  ascertain  the  direction 
from  which  the  amygdaloidal  rock  has  come. 


Fig.  169.    Lava  resting  on  Sandstone. 

2.  It  is  obvious  that  the  beds  overlying  a  contempo- 
raneous sheet  cannot  be  altered  by  it,  because  they  were 
not  there  when  the  rock  was  poured  out  as  a  stream  of 
lava.  An  interbedded  sheet,  therefore,  only  alters  and 
bakes  the  beds  below,  while  an  intrusive  sheet  affects  those 
above  as  well  as  those  below.  The  absence  or  presence  of 
intrusive  tongues  or  veins  proceeding  from  the  sheet  is  like- 
wise a  criterion,,  their  presence  at  once  indicating  its  intru- 
sive nature.  Farther,  the  stratification  of  the  beds  over- 
lying an  interbedded  sheet  generally  affords  evidence  of 
their  having  been  deposited  upon  the  irregular  surface  of 
the  trap,  as  indicated  in  fig.  169.  The  stratified  rock  fills 
up  any  hollows  or  cracks  which  may  exist  in  its  surface, 
and  ofteA  enclosed  sm&U  p^bbl^s  or  blocks  which  have  been 
broken  off  from  it. 

3.  The  presence  of  stratified  tuffs  also  raises  the  pre- 
sumption that  the  associated  sheets  of  lava  are  interbedded 
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and  contemporaneous,  thongh  it  does  not  absolutely  prove 
this  to  be  the  case,  for  as  we  have  seen,  masses  of  tuft  and 
agglomerate  frequently  fill  up  volcanic  necks,  and  are  then 
associated  with  the  intrusive  dykes  which  proceed  from 
it.  Still,  if  the  sheets  of  trap  are  clearly  interstratified 
with  beds  of  **  ash,"  and  if  the  ash-beds  do  not  exhibit  any 
signs  of  baking  or  alteration  where  they  are  in  contact 
with  the  lava,  then  it  becomes  almost  certain  that  the  trap 
is  contemporaneous. 

Consecutive  Flows. — Occasionally  a  single  flow  or 
sheet  of  trap  is  met  with,  and  sometimes  several  such  single 
flows  are  interbedded  with  a  series  of  stratified  rocks ;  more 
frequently,  however,  what  appears  to  be  one  massive  sheet 
is  in  reality  made  up  of  several  distinct  lava-flows  poured 
out  at  separate  intervals  from  the  volcanic  vent.  The  in- 
dependence of  the  flows  is  sometimes  indicated  by  difEe* 
rences  of  texture,  one  being  compact,  another  porphyritic, 
another  columnar,  and  so  on ;  even  when  all  are  similar  in 
character,  there  are  sometimes  zones  of  vesicular  or  amyg- 
daloidal  rock,  formed  by  the  union  of  the  upper  and  lower 
surfaces  of  two  flows,  which  mark  the  lines  of  division  be* 
tween  them.  Lastly,  the  fact  that  such  a  mass  is  really 
made  up  of  successive  flows  is  often  clearly  demonstrated, 
when  their  outcrops  are  traced  for  some  distance,  by  the 
intercalation  of  other  beds  between  some  of  the  component 
sheets.  Such  an  occurrence  proves  that  the  lava  currents 
invaded  an  area  where  deposition  was  going  on,  and  that 
sufficient  time  elapsed  for  material  to  be  deposited  on  the 
surface  of  the  first  sheet  before  it  was  overflowed  by  the 
second. 

An  excellent  instance  in  which  consecutive  flows  of  dole- 
ritic  lava  are  interstratified  with  shales  and  sandstones  be- 
longing to  the  Coal-measure  series  occurs  in  the  Borrows- 
tounness  coalfield,  Edinburgh.  The  middle  part  of  this 
series  is  described  as  consisting  of  the  following  alterna- 
tions of  igneous  and  aqueous  rocks : — 

Feet. 
Shales  and  sandstones        ••••••      — 

Bolerite 20 

Shale  and  sandstone 6 

Dolerite  in  several  sheets,  with  partings  of  shale  and 
sandstone  in  places.        ••••••    285 
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Feet. 

Shale,  coal,  and  sandstone 30 

Dolerite  in  several  sheets 110 

Shales  and  sandstones 25 

The  *' red  coal"  seam 3 

Dolerite 4 

Sandstone  ••.......  16 

In  one  shaft  the  thickest  compound  mass  of  dolerite  was 
found  to  be  separated  into  two  portions  by  the  intercala- 
tion of  80  feet  of  shale  and  sandfftone.^ 

Such  intercalations  and  alternations  of  lava-flows  and 
'  aqueous  rocks  are  frequent  wherever  extensive  eruptions 
have  taken  place,  and  the  whole  groups  of  strata  thus 
formed  have,  of  course,  partaken  in  all  the  accidents  of 
tilting,  flexure,  and  fracture,  bj  which  the  district  has 
been  aJffected  since  the  time  of  their  formation. 

Instances  of  Interbedded  Lavas  and  Ashes. — 
1.  North  Wales, — The  ancient  volcanoes  of  Carnarvonshire 
have  been  mentioned  on  p.  473,  and  two  of  them,  Y-foel-fras 
and  Mynydd  Mawr,  have  been  described.  Writing  of  this 
district  Sir  A.  Gheikie  remarks,  "So  great  has  been  the 
denudation  of  the  region  that  the  pile  of  lavas  and  tufls 
which  accumulated  around  and  above  these  orifices  has 
been  entirely  swept  away.  No  trace  of  any  portion  of  that 
pile  has  survived  to  the  west  of  the  line  of  bosses ;  while 
to  the  east,  owing  to  curvature  and  subsequent  denudation, 
the  rocks  have  been  dissected  from  top  to  bottom,  until 
almost  every  phase  of  the  volcanic  activity  is  revealed."  * 

The  thickness  of  volcanic  material  exposed  on  Snowdon 
alone  is  estimated  at  over  8,000  feet,  and  according  to  the 
most  recent  observations,  they  consist  of  the  following 
members : — 

Feet. 

Grey  amygdaloidal  lavas  with  a  sheet  of  felsite     •       150 

Thick  beds  of  tii£f  with  sheets  of  felsite  .        .        .    1,200 

Porphyritic  felsites,  many  of  the  sheets  showing 

sla^^sarfaoes     ••••••.    1,700 

"  But  this  includes  only  the  higher  part  of  the  whole 
volcanic  group.  Below  it  come  the  lavas  of  T-G-lyder  Fach, 

^  *<  Geology  of  Edinburgh/'  Mem.  Geol.  Survey,  p.  03. 
*  «Pres.  Address  to  Geol.  Soc,"  1891,  p.  83. 
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which  according  to  the  Survej  measurementB  ^  are  about 
1,500  feet  thick,  while  still  lower  lie  the  ancient  conlfes  of 
Camedd  Davjdd  and  those  that  run  north  from  the  vent 
of  Yf  oel-f  ras,  which  must  reach  a  united  thickness  of  many 
hundred  feet.  We  can  thus  hardly  put  the  total  depth  of 
volcanic  material  at  a  maximum  of  less  than  6,000  to 
8,000  feet.  The  pile  is,  of  course,  thickest  round  the  vents 
of  discharge,  so  that  no  measurement,  however  carefully 
made,  at  one  locality,  would  be  found  to  hold  good  for 
more  than  a  short  distance."    (Geikie,  loc.  cU,,  p.  83.) 

From  the  volcanic  centres  the  lava-flows  thin  in  all 
directions,  becoming  intercalated  with  beds  of  shale  and 
sandstone,  and  finally  dying  out  altogether.  The  same 
is  the  case  with  the  ash-beds,  which  near  the  volcanic 
centre  are  extremely  hard  and  compact,  and  consist  entirely 
of  the  d^ris  of  slaggy  and  scoriaceous  lavas,  so  that  they 
sometimes  resemble  the  decomposed  portions  of  the  fel- 
stones ;  but  as  they  are  traced  trom.  the  central  area  they 
become  thinner,  more  regularly  bedded,  and  more  obviously 
mechanical,  the  ashy  and  cindery  materials  become  mixed 
with  an  increasing  proportion  of  sandy,  clayey,  or  calca- 
reous sediment,  and  they  finally  pass  into  pure  sandstones, 
shales,  or  limestones. 

Bemarking  on  the  frequency  of  slagginess  and  flow 
structure  in  the  lower  f elsitic  lavas  of  Snowdon,  Sir  A. 
Oeikie  points  out  that  careful  observations  on  this  struc- 
ture would  often  indicate  the  direction  from  which  the 
lavas  came.  He  instances  one  of  the  lowest  sheets  which 
forms  a  line  of  picturesque  crags  on  the  slope  facing 
Uanberis.  "  The  general  push  indicated  by  [the  curled 
and  overfolded  layers  of  the  lava]  points  to  a  movement 
from  the  westward.  Turning  round  from  the  crags  and 
looking  toward  the  west,  we  see  before  us  on  the  other  side 
of  the  deep  vale  of  Llyn  Cwellyn,  at  a  distance  of  little 
more  than  three  miles,  the  great  dome-shaped  Mynydd 
Mawr,  which,  there  is  reason  to  believe,  marks  one  of  the 
orifices  of  eruption  "  (loc,  et/.,  p.  85). 

2.  The  Limerick  Basin, — Ireland  presents  us  with  a  good 
example  of  interstratified  aqueous  and  igneous  rocks  in 

^  See  Sir  A.  Ramsay's  "Geology  of  North  Wales,*'  Mem.  GeoL 
Survey. 
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pa>rallel  laminae,  the  coarse  and  fine  layers  often  alternating^ 
in  regular  bands  about  half-an-inch  in  thickness/ 

Some  of  the  sheets  of  felstone,  800  or  1,000  feet  thick, 
are  found,  when  followed  along  their  strike,  to  split  up  and 
let  in  alternations  of  beds  of  ash  and  beds  of  limestone, 
showing  that  the  greater  uninterrupted  masses  were  in 
reality  formed  by  successive  flows  of  molten  rock  at  the 
bottom  of  the  sea,  and  that,  where  each  of  these  flows 
terminated  or  became  thin,  accumulations  of  ash  or  lime- 
stone took  place  on  the  sea-bottom  in  the  intervals  be- 
tween the  outpouring  of  one  flow  and  that  of  the  next,  sa 
as  to  cause  these  interstratifications.  Pallas  Hill  is  a  con- 
spicuous example  of  this  occurrence. 

On  the  south  side  of  this  volcanic  area  there  are  five  in- 
trusive bosses  of  felspathic  rock  rising  up  through  the 
lower  limestone,  and  another  boss  at  about  the  same  dis- 
tance on  the  the  north  side  of  the  basin.  These  look  like 
some  of  the  volcanic  foci  from  which  the  lavas  were  de- 
rived, the  old  roots,  as  it  were,  of  the  submarine  lav& 
flows,  exposed  to  view  by  the  denudation  of  the  limestones 
and  braps  that  once  covered  them.  Other  foci  or  intrusive 
masses  are  doubtless  concealed  beneath  the  existing  beds 
of  trap  in  the  central  parts  of  the  basin. 

Professor  Hull  more  recently  has  distinguished  twe 
epochs  of  eruption  in  the  Limerick  area,  the  first  being  an 
extrusion  of  felspathic  lavas  and  ashes,  while  the  second, 
which  occurred  after  a  considerable  interval,  gave  birth  to 
flows  of  augitic  lava  (basalt,  etc.)  The  sect.  (fig.  170), 
copied  by  permission  from  Prof.  Hull's  "  Physical  G^logy 
of  Ireland  "  illustrates  the  succession  of  materials  erupted 
during  the  earlier  outburst. 

3.  Scotland, — The  coimtry  which  lies  on  either  side  of  the 
Firth  of  Forth  was  anciently  the  scene  of  gpreat  volcanic 
activity.  Arthur's  Seat  in  Edinburgh  and  Largo  Law  in 
Fife  are  excellent  instances  of  denuded  volcanic  piles ;  the 
numerous  necks  of  Fif  eshire  have  already  been  mentioned* 
and  the  behaviour  of  interbedded  and  intrusive  sheets  of 

^  See  the  E^cplanations  of  Sheets  143,  144,  153,  154  of  the  Geolo- 
gical Survey  of  Ireland,  and  Jukes'  **  Manual  of  Geology,"  second 
edition,  p.  325. 
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lava  can  be  studied  in  the  cliff  sections  along  the  coast.  ^ 
Most  of  these  eruptions  took  place  towards  the  end  of  the 
Carboniferous  period,  but  evidence  of  an  earlier  series  of 
volcanic  explosions  are  to  be  found  in  the  ranges  of  the 
Sidlaw,  Ochil,  and  Pentland  Hills.  **  All  these  prominent 
ridges/'  says  Sir  A.  Geikie/  "  are  formed  mainly  of  vol- 
canic materials  belonging  to  the  period  of  the  Lower  Old 
Bed  Sandstone.  Their  general  characters — beds  of  lava 
{porphyrite,  etc.)  with  sheets  of  tufE  and  interstratified 
sandstones,  shales,  and  conglomerates — ^leave  no  doubt 
whatever  as  to  their  having  been  truly  erupted  to  the  sur- 
face during  that  geological  period. 

Basaltic  Plateaux. — It  has  long  been  assumed  that 
all  erupted  basaltic  sheets  were  remnants  of  lava-flows 
which  had  once  been  connected  with  true  volcanic  cones. 
Baron  Bichthofen  had  indeed  pointed  out  so  long  ago  as 
1868,  that  on  the  Pacific  slope  of  the  Bocky  Mountains 
there  is  evidence  of  the  emission  of  vast  floods  of  lava 
without  the  formation  of  cones  and  craters,  and  he  stated 
his  belief  that  these  eruptions  had  proceeded  from  great 
fissures  out  of  which  the  lava  had  poured  in  a  continuous 
stream.  This  theory  was  energetically  opposed  by  Mr. 
Poulett  Scrope,  who  demonstrated  that  the  extensive 
plateaux  of  basalt  in  Auvergne  were  only  separated  from 
the  cones  with  which  they  had  originally  been  connected  in 
consequence  of  the  great  erosion  te  which  that  country  had 
been  subsequently  exposed.  He  argued  that  the  apparent 
isolation  of  other  plateaux  was  merely  owing  to  the  total 
destruction  of  the  volcanoes  from  which  they  had  been 
emitted  (see  Plate,  fig.  III). 

Subsequent  observations,  however,  have  tended  to  con- 
firm the  probability  of  Bichthofen's  views ;  the  extent  of 
these  American  lava-floods  has  been  found  to  be  enormous, 
and  it  is  estimated  that  in  the  States  of  Oregon,  Idaho, 
Nevada,  and  Northern  California  they  cover  an  area  of 
200,000  square  miles.  The  date  of  their  emission  is  com- 
paratively recent;  they  have  been  poured  forth  over  the 
bottoms  of  the  present  valleys,  and  the  only  natural  sec- 

^  Consult  Sir  A.  Geikie  on  the  '*  Volcanic  Rocks  of  the  Basin  of 
the  Forth,  Trans.  Roy.  Soc  £din.,"  zxiz.  p.  437. 
>  «  Trans.  Geol.  Soc.  Edin.,''  voL  iL  pt  ui 
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tions  of  them  are  those  in  the  gorges  or  canons  which  the 
present  rivers  have  been  able  to  erode  out  of  the  vast  plain 
of  basalt. 

Sir  A«  Geikie  thus  describes  one  of  these  enormous  lavsr 
fields  * : — "  We  had  been  riding  for  two  days  over  fields  of 
basalt  among  the  valleys,  and  [at  last]  emerged  from  the 
mountains  upon  the  great  sea  of  black  lava  which  seems  to 
stretch  illimitably  westwards.  It  was  as  if  the  great  plain 
had  been  filled  with  molten  rock  which  had  kept  its  levels 
and  wound  in  and  out  along  the  bays  and  promontories  of 
the  mountain  slopes  as  a  sheet  of  water  would  have  done. 
....  I  looked  round  in  vain  for  any  central  cone  from 
which  this  great  sea  of  basalt  could  have  flowed.  It 
assuredly  had  not  come  from  the  adjacent  mountains, 
which  consisted  of  older  and  very  different  lavas  round 
the  worn  flanks  of  which  the  basalt  had  eddied.  ...  I 
became  convinced  that  all  volcanic  phenomena  are  not  to 
be  explained  by  the  ordinary  conception  of  volcanoes,  but 
that  there  is  another  and  grander  tyx>e  of  volcanic  action 
where  the  molten  rock  has  risen  in  many  fissures,  and  has 
welled  forth  so  as  to  flood  the  lower  ground  with  successive 
horizontal  sheets  of  basalt." 

He  suggests  that  the  similar  sheets  and  dykes  of  basalt 
which  occur  in  the  north  of  Ireland  and  west  of  Scotland, 
and  the  enormous  dykes  which  are  so  frequent  throughout 
Scotland  and  northern  England,  are  all  manifestations  of  a 
gprand  series  of  fissure  eruptions  comparable  to  those  in 
North  America,  but  belonging  to  an  earlier  geological 
period.  In  support  of  this  conclusion  he  appeeds  to  the 
wide  extension  and  horizontality  of  the  basalt  sheets,  the 
absence  or  paucity  of  interstratified  tuffs,  and  finally  thai 
apparent  connection  with  a  series  of  lava-filled  fissures,  some 
of  which  are  no  less  than  200  miles  distant  from  them. 

It  should  be  mentioned,  however,  that  the  cogency  of 
this  evidence  is  disputed  by  Prof.  Judd,  and  that  con- 
temporaneous volcanoes  from  which  the  lavas  might  have 
come  certainly  existed  both  in  Scotland  and  Ireland. 

That  portion  of  the  great  lava-flood  which  is  isolated  in 
the  nortii-east  of  Ireland  covers  almost  the  whole  of  county 
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Antrim  with  a  mass  which  is  in  some  places  900  feet 
thick;  it  is  50  miles  long  bj  80  wide,  or  about  1,200 
square  miles  in  area.  The  basalt  mass  consists  of  numerous 
sheets  or  flows,  some  of  which  are  quite  amorphous,  either 
compact  or  amygdaloidal,  while  others  are  beautifully 
columnar ;  one  of  the  columnar  sheets  dipping  gradually 
into  the  sea  on  the  north  coast  is  known  as  the  Qiant's 
Causeway. 

Similar  extensive  plateaux  of  basalt  occur  in  other  parts 
of  the  world,  in  Abyssinia,  western  India,  and  Victoria, 
and  probably  mark  ike  sites  of  some  of  the  great  fissure- 
eruptions  which  have  taken  place  at  different  times  in  the 
history  of  the  world.  In  their  recent  rSsvmS  of  the 
geology  of  India,  Messrs.  Blandford  and  Medlicott  de- 
scribe the  persistent  horizontality  of  the  great  basalt  sheets 
which  form  the  plateaux  of  the  Deccan,  the  absence  of  any 
trace  of  associated  yolcanic  cones,  and  the  abundance  of 
dykes  which  traverse  the  underlying  platform  of  older 
rocks,  where  these  emerge  from  beneath  the  basalt-covered 
area. 


CHAPTER  Xn. 

MISTAHOBPHIC   BOCKS. 

THE  consideration  of  these  rocks  has  been  left  till  this 
stage  because  the  peculiar  structures  which  thej 
exhibit  could  not  be  properly  explained  to  the  student 
until  he  had  been  made  acquainted  with  the  manner  in 
which  the  unaltered  rocks,  both  of  aqueous  and  igneous 
origin,  occur  in  the  earth's  crust,  and  had  obtained  some 
idea  of  the  results  caused  by  the  intrusion  of  igneous 
among  aqueous  rocks,  and  by  the  earth-pressures  to  which 
both  have  been  subjected  from  time  to  time. 

Metamorphic  rocks  may  be  broadly  defined  as  those 
which,  after  their  first  consolidation,  have  been  so  altered 
that  their  internal  structure  and  their  physical  characters 
are  different  from  what  they  originally  possessed.  This 
change  may  be  molecular,  or  atomic,  or  may  be  chiefly  the 
result  of  mechanical  stress  or  pressure;  thus:  (1)  The 
molecular  arrangement  and  physical  character  of  the 
rock  may  be  altered  without  much  mineral  change;  for 
this  kind  of  metamorphism  Dr.  Irving  has  proposed  the 
name  of  metcUropy.  (2)  The  original  minercd  particles  of 
the  rock-mass  may  have  been  rearranged  by  mechanical 
stress ;  for  this  kind  of  change  Dr.  Irving  has  suggested 
the  term  metataxia}  (3)  The  mineral  components  of  the 
rock  may  be  recombined  into  minerals  of  different  chemical 
composition;  for  this  Prof.  Bonney  has  suggested  the  excel- 
lent term  metacroM* 

A  simple  case  of  metatropy  is  that  of  a  limestone  which 
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has  been  converted  into  a  ciystalline-granular  marble  hj 
the  heat  of  intrusive  igneous  rock,  its  optical  and  physical 
characters  being  changed  while  its  chemical  composition 
remains  nearly  the  same. 

A  simple  case  of  metataxis  is  that  in  which  a  rock  has 
been  so  compressed  that  its  component  particles  are  all 
elongated  in  one  direction,  and  the  rock  has  consequently 
a  tendency  to  split  in  that  direction.  A  rock  which  has 
this  structure  and  splits  into  thin  layers  which  are  not 
those  of  original  deposition  is  said  to  be  cleaved^  and  the 
structure  is  called  ctea/ocige,  or  slaty-deavage,  from  its  lead- 
ing to  the  production  of  slates. 

Metacrasis  may  be  sometimes  of  a  simple  character, 
either  paramorphic,  as  in  the  change  of  a  dolerite  into  an 
epidiorite  by  the  conversion  of  augite  into  hornblende,  or 
pseudomorphic,  as  in  the  production  of  serpentine  from  an 
olivine  rock ;  but  it  is  often  a*  more  complicated  process,  as 
in  the  combination  of  the  disintegrated  mineral  particles  of 
a  sedimentary  rock  and  their  recrystallization  into  fresh 
minerals.  It  must  be  remembered  that  clays  and  clayey 
sandstones  consist  of  minute  particles  of  kaolin,  mica,  and 
quartz-sand,  derived  from  the  disintegration  of  granitic 
rocks,  and  that  they  usually  contain  small  amounts  of  iron 
oxide,  lime,  and  alkali ;  so  that  under  the  combined  influ- 
ence of  pressure  and  superheated  water-vapour  these 
particles  might  be  recombined  into  crystals  of  felspar, 
mica,  and  quartz,  like  those  from  which  the  ingredients  of 
the  clay  were  originally  derived. 

When  in  the  course  of  such  recrystallization  the  minerals 
have  arranged  themselves  in  thin  lenticular  layers  which 
are  all  elongated  in  the  same  direction,  so  that  the  rock 
splits  along  them,  the  rock  is  said  to  be  foliated  (from 
folium,  a  leaf)  and  the  structure  is  termed /oZto^ton.  This 
term  was  originally  proposed  by  Professor  Sedgwick,  and 
was  defined  by  him  as  ''  a  separation  into  layers  of  different 
mineral  composition,"  while  cleavage  means  only  "  a  ten- 
dency to  split  in  a  mass  of  the  same  composition."  Folia- 
tion is  a  chemical  change  effected  under  the  concomitant 
influence  of  great  pressure,  and  the  structure  may  be  pro- 
duced in  crystalline  igneous  rocks  as  well  as  in  clastic 
sedimentary  rocks.    A  kind  of  foliation  may  also  be  pro- 
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duced  in  an  igneous  rock  by  fluxional  movements  in  the 
mass  before  it  was  completely  solidified  and  still  in  a 
yiscid  condition. 

It  must  be  borne  in  mind  that  many  masses  of  igneous 
rock  may  be  included  in  a  region  that  is  being  compressed 
and  metamorphosed,  and  that  the  alterations  effected  in 
the  igneous  and  aqueous  rocks  will  tend  to  make  them 
resemble  one  another  much  more  than  they  did  in  their 
unaltered  states,  so  that  it  may  sometimes  be  dif&cult  to 
say  whether  a  given  foliated  rock  was  originally  an  aqueous 
or  an  igneous  formation. 

There  are  certain  special  structures  exhibited  by  meta- 
morphic  rocks  which  must  be  defined  before  the  rocks  are 
described.    The  following  are  the  most  important. 

When  the  rock  consists  of  small  even-sized  crystals  of 
quartz  and  felspar  it  is  said  to  be  granulUic,  and  there 
may  be  a  granulitic  ground-mass  with  lenticular  lumps  or 
phacoids  consisting  of  larger  crystals. 

When  a  rock  has  been  crushed  so  that  it  consists  of 
small  lenticular  or  granular  components  separated  by  a 
fine-grained  material,  which  appears  as  a  *'  flowing  tissue 
of  opaque  fibres  and  strings "  (Lapworth),  as  if  the  rock 
had  been  partially  ground  to  dust  between  millstones,  it  is 
said  to  have  a  mylonitic  structure,  and  is  sometimes  called 
a  mylonite. 

When  the  foliated  materials  are  arranged  around  some 
hard  crystal,  so  that  this,  with  the  curving  layers  above 
and  below  it,  resembles  an  eye,  we  have  what  is  called  the 
"  eye  structure  *'  (augen-ntmctvLre). 

When  the  matrix  looks  as  if  it  were  flowing  round  and 
through  the  larger  components,  the  rock  is  c^ed,  by  the 
QermajiB,  flaserig,  or  veiny,  because  it  always  has  a  veiny, 
banded  appearance  to  the  eye.  This  arrangement  is  often 
spoken  of  as  jUuer^aimcture^  and  it  may  exist  apart  from 
eye-structure  in  a  rock. 

The  following  are  brief  descriptions  of  the  different 
kinds  of  metamorphic  rocks  which  are  generally  recog- 
nized. Among  the  less  altered  forms,  those  of  aqueous 
and  igneous  origin  can  be  easily  distinguished,  but  among 
the  more  altered  rocks  this  becomes  a  difficult  matter. 
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A.   Rocks  without  Foliation, 

Under  this  head  are  included  (1)  sedimentary  rocks 
•which  have  been  altered  by  heat  only  (baked  rocks),  or  by 
pressure  which  has  not  been  carried  beyond  the  degree 
necessary  to  produce  cleavage;  (2)  igneous  rocks  which 
have  undergone  simple  paramorphic  changes. 

1.  Altered  Sedimentary  Bocks. 

Quarttdte. — ^This  is  an  altered  sandstone,  and  has  been 
defiLned  as  a  rock  consisting  of  quartz-grains  cemented 
together  by  crystalline  quartz,  the  crystals  of  which  are 
commonly  arranged  in  crystalline  continuity  with  the  quartz 
of  the  original  sand-grains.  It  is  thus  distinguished  from 
sandstones  with  an  infiltrated  siliceous  cement,  which  is 
always  either  opaline  or  chalcedonic.  It  is  probable  that 
the  secondary  quartz  in  quartzite  has  been  derived  from 
the  sand-grains  by  the  solvent  action  of  hot  vapour  or 
steam,  for  it  must  be  remembered  that  every  intrusion  of 
igneous  rock  must  generate  such  vapour  out  of  the  inter- 
stitial water  in  the  surrounding  stratified  rock. 

HaMeflintcts  are  compact  siliceous  rocks,  not  unlike  fel- 
stones  in  general  aspect.  They  may  have  been  formed  from 
fine-grained  felspathic  sandstones  by  induration  and  par- 
tial fusion,  but  some  may  have  resulted  from  the  alteration 
of  fine  felspathic  tuff  (trachytic  dust). 

PoreeUanite  and  ArgiUite  are  baked  and  indurated  clays, 
appearing  as  close-grained  flinty  or  jaspery  rocks,  generally 
of  a  greenish,  greyish,  or  reddish  colour.  Lydian  stone 
is  a  black  or  dark-brown  rock  of  similar  texture,  resulting 
from  the  metatropic  alteration  of  a  carbonaceous  clay 
or  shale;  it  often  contains  crystalline  grains  of  quartz, 
and  must  then  have  been  either  a  sandy  shale  or  a  sili- 
ceous clay  like  fire-clay. 

Marble  is  a  limestone  altered  by  he^^t  and  pressure  into 
a  crystalline  rock  consisting  of  closely-packed  crystals  of 
calcita  The  limestone  may  have  been  originally  earthy, 
shelly,  or  partly  crystalline ;  by  marmorosis  (as  the  making 
of  marble  is  termed)  all  the  carbonate  of  lime  is  recomposed 
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into  crjBtallme  grains  of  calcite,  which  aire  interlocked  one 
-with  another. 

Bj  heating  chalk  and  limestone  in  closed  tubes,  to  prevent 
the  escape  of  carbonic  add  gas,  Sir  James  Hall  succeeded 
in  converting  them  into  hajrd  crystalline  marble,  and  in 
another  experiment  he  actually  fused  the  substance,  which 
then  acted  powerfully  upon  other  rocks.  In  Nature,  heated 
water  under  pressure  of  superincumbent  rocks  has  pro- 
bably played  a  prominent  part  in  the  production  of  marble. 

The  chalk  of  the  north-east  of  Ireland,  where  penetrated 
by  dykes  of  basalt,  is  altered  in  some  places  into  a  hard 
g^7  aemi-cijatalline  limestone,  and  in  others  into  a  white 
coarsely-crystalline  marble.  In  many  marbles  certain  sili- 
cates, such  as  idocrase,  garnet,  and  green  augite  have  been 
developed,  and  in  some  mica  and  graphite  (pure  carbon) 
has  been  found. 

OphicdlcUe  is  the  name  for  a  group  of  rocks  which  requires 
further  investigation ;  it  may  be  defined  as  consisting  of 
crystalline  calcite  or  dolomite,  veined  and  permeated  with 
serpentine.  Some  ophicaldtes,  like  the  Gkdway  serpentine 
or  Connemara  marble,  certainly  seem  to  be  metamorphio 
limestones  in  which  lime-silicates  have  been  formed,  and 
subsequently  altered  into  serpentine ;  but  others  may  be 
only  broken  serpentiBes  recemented  by  infiltrated  calcite ; 
and  others  again  may  possibly  be  due  (as  suggested  by 
Professor  G-.  Cole)  to  the  complete  decomposition  of  an 
igneous  rock  consisting  of  anorthite  and  olivine. 

Lime-MiciUe  rock  {Kalkhomfels). — ^Limestones  in  con- 
t-act  with  large  masses  of  igneous  rock  have  undergone  a 
remarkable  degree  of  metamorphism,  resulting  in  complete 
paramorphic  change.  The  carbonic  acid  seems  to  have 
been  gradually  driven  off  by  the  heat,  and  its  place  has 
been  taken  by  silicic  acid,  with  which  the  lime  has  com- 
bined to  form  various  lime  silicates ;  so  that  the  rock  has 
been  changed  from  a  calcareous  to  a  calcareo-siliceous  one, 
such  as  the  Germans  call  Kalhhomfels,  or  calcareous  horn- 
stone.  It  often  happens  that  a  limestone  contains  some 
argillaceous  matter  which  enables  an  alumino-calcareoas 
silicate,  such  as  augite,  to  be  formed.^ 

^  See  Barker  and  Mart  on  Shap-Granite,  *'  Quart  Joum.  GeoL 
See.,"  voL  xlviL  p.  314. 
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The  gradual  deyelopment  of  the  silicates  at  the  expense 
of  the  caldte  is  often  traceable  where  a  limestone  can  be 
followed  along  its  strike  till  it  abuts  on  the  igneous  rock. 
At  a  certain  distance  from  the  latter  the  limestone  is  only 
a  marble  with  a  few  small  scattered  crystals  of  some  lime- 
silicate  ;  nearer  to  it  these  crystals  are  larger  and  more 
numerous ;  nearer  still  they  form  the  greater  part  of  the 
rock,  only  a  few  patches  of  calcite  being  left ;  finally,  within 
300  yards  of  the  igneous  mass,  the  rock  consists  entirely 
of  silicates,  and  becomes  either  a  light  brown  idocrase- 
garnet  rock,  or  a  pale  bluish  or  greenish  grey  homstone, 
consisting  chiefly  of  tremolite  or  pyroxene.  These  changes 
are  exhibited  by  the  Ooniston  limestone  near  its  contact 
with  the  Shap-G-ranite  (Westmoreland)/ 

8laie  is  a  fine-grained  argillaceous  rock  in  which  cleavage 
has  been  developed,  so  that  the  rock  splits  into  thin 
parallel  layers,  which  are  more  or  less  oblique  to  the 
planes  of  bedding.  Slates  are  generally  cleaved  clays  or 
shales,  but  some  have  been  formed  from  fine  volcanic  tuff. 
The  original  lamination  is  generally  imperceptible,  but  in 
some  slates  it  is  marked  by  bands  of  different  colour,  and 
these  are  termed  the  stripe  of  the  slate.  When  tracts  of 
slate  are  examined  in  the  field  the  original  bedding  is 
often  indicated  by  alternating  bands  of  finer  and  coarser 
slate,  which  represent  the  beds  of  different  texture  in  the 
originally  stratified  rock. 

PhyUUe  is  a  slate  in  which  some  secondary  mica  has 
been  developed,  this  mica  appearing  in  minute  silvery 
flakes  along  the  planes  of  cleavage,  and  giving  a  peculiar 
glossy  aspect  to  the  slate.  In  addition  to  this,  phyllites 
frequently  exhibit  a  minute  wrinkling,  which  may  be  re- 
garded as  an  incipient  stage  of  schistosity  or  foliation. 
In  the  neighbourhood  of  igneous  masses  slates  often  show 
signs  of  further  chemical  metamorphism  in  the  occurrence 
of  sporadic  crystals  of  chiastolite,  andalusite,  garnet,  and 
other  silicates  of  alumina. 

^  See  Messrs.  Harker  and  Man's  paper,  '*  Quart.  Jonm.  Geol. 
See.,"  vol.  xlvii.  p.  310. 
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2.  Altered  Igneous  Bocks, 

Altered  Granites, — ^Along  the  borders  •£  a  granitic  mass 
accessory  minerals  are  often  developed,  due  probably  to 
the  subsequent  upward  passage  of  steam  and  hot  spring- 
waters.  One  of  the  commonest  of  such  minerals  is  Schorl 
or  Tourmaline,  which  seems  to  be  developed  at  the 
expense  of  the  mica  or  felspar.  The  granite  is  then  termed 
schorlaceous.  When  the  rock  is  entirely  composed  of 
quartz  and  schorl  without  felspar  it  is  called  Si^wrUroek. 
A  beautiful  variety  of  schorlaceous  granite,  where  crystals 
of  red  orthoclase  are  scattered  through  a  matrix  of  quartz 
and  schorl,  occurs  at  Luxullian  in  Oomwall,  and  is  known 
as  LttxuUanite, 

Sometimes  chlorite,  cassiterite  (tin-ore),  and  pyrites  are 
added  to  the  constituents  of  granite,  forming  a  blackish 
rock,  which  is  called  Zwitter.  A  rock  consisting  of  quarts 
and  lepidolite,  with  scattered  crystals  of  topaz,  developed 
at  the  expense  of  the  felspar,  is  called  Oreiesen ;  it  occurs 
in  Saxony,  but  is  not  of  common  occurrence. 

Altered  Ghhbroe  cmd  Dolerites. — The  felspar  of  these 
rocks  has  often  been  converted  into  a  hard  white  mineral, 
which  was  formerly  called  Sa/usetMiite ;  in  section  it  is  dull 
and  opaque,  and  it  is  now  known  to  be  only  partially  de- 
composea  plagioclase  felspar.  The  pjrroxene  of  Qabbro 
is  also  altered  into  hornblende,  often  the  bright  green 
variety  called  Smaragdite,  so  that  both  rocks  are  then  com- 
posed of  saussuritic  felspar  and  hornblende ;  for  such  rocks 
the  name  Euphotide  is  often  used.  The  felspar  of  a  Diorite 
may  also  be  altered  in  the  same  way.  By  similar  changes, 
the  pyroxene  being  partially  or  wholly  adtered  into  horn- 
blende or  actinolite,  dolerites  pass  into  the  condition  known 
as  Epidiorite.  If  chlorite  is  developed  the  rock  is  called 
a  Diabase.  This  change  is  probably  chiefly  due  to  altera- 
tion by  water,  and  some  calcite  is  generally  present.  A 
Diabase  is  generally  greenish,  or  dull  grey. 

Altered  Basalts, — ^These  are  generally  known  as  Melct" 
phyres,  being  dark  green  or  black  rocks.  The  olivine, 
when  present,  is  converted  into  serpentine ;  epidote  and 
calcite  arise  from  the  decomposition  of  the  basic  sill- 
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eates,  and  zeolites  are  freqnentlj  formed  in  the  vesides  and 
cavities. 

By  contact  with  coal  or  carbonaceous  shale  basalt  and 
dolerite  have  often  been  changed  into  what  is  called  White- 
trap,  a  white,  pale  green,  or  pink  rock,  of  which  about  a 
fourth  part  consists  of  the  carbonates  of  lime  and  iron, 
with  10  or  11  per  cent,  of  water.  This  alteration  is  pro- 
bably due  to  the  extraction  of  organic  acids  from  the  car- 
bonaceous matter  and  their  solution  in  the  heated  inter- 
stitial water  of  the  rock,  and  the  reaction  of  this  solution 
on  the  igneous  rock. 

Altered  Andente. — ^Andesites  which  have  been  altered 
by  solfataric  action  contain  chloritic  minerab  developed 
from  the  hornblende  and  mica,  and  very  often  epidote  and 
iron  pyrites.  For  such  rocks  Professor  Judd  has  revived 
the  name  of  Propylite. 

Altered  PeridotUea. — ^These  form  the  rock  so  well  known 
by  the  name  of  Serpentine,  of  which  that  of  the  Lizard,  in 
Cornwall,  forms  an  excellent  type — a  compact,  massive 
rock,  mottled  with  various  tints  of  dull  brown,  red,  and 
green,  and  containing  lustrous  crystals  of  a  certain  variety 
of  enstatite.  Chemically  they  consist  mainly  of  hydrated 
fiilicate  of  magnesia  and  oxides  of  iron* 


B.    The  Foliated  Bocks. 

These  owe  their  structure  partly  to  chemical  change  and 
partly  to  deformation  by  forcible  compression,  as  will  be 
shown  hereafter,  the  one  action  resulting  in  the  formation 
of  new  minerab,  and  the  other  in  their  arrangement  along 
-certain  planes  in  the  rock-mass.  Sometimes  they  show  a 
wrinkled  and  crumpled  structure,  which  has  probably  been 
produced  by  extreme  pressure  acting  on  amass  in  a  plastic 
or  semi-plastic  condition.  As  it  is  not  always  possible 
to  say  whether  a  given  foliated  rock  was  originally  an 
igneous  or  a  sedimentary  rock,  no  attempt  is  here 
made  to  distinguish  between  them.  Some  are  certainly 
Altered  Sediments,  and  some  as  certainly  altered  Igneous 
rocks. 

Schists. — These  are  the  foliated  rocks  resulting  from 
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foliation.     SericUe^achigt  is  a  rock  with  light  green,  silvery 
mica. 

QtMfiZ'Sehist  is  one  in  which  quartz  particles  are  more 
abundant  than  those  of  mica.  There  are,  of  course,  all 
yarieties,  from  a  quartzose  mica-schist,  where  the  propor- 
tions of  quartz  and  mica  are  nearly  equal  (fig.  171),  to  a 
rock  that  is  almost  a  quartzite ;  but  the  name  of  quartz* 
schist  is  generaUj  applied  to  rocks  which  consist  mainly 
of  quartz,  with  just  enough  mica  to  give  the  rock  a 
schistose  aspect,  and  to  cause  it  to  split  along  planes  of 
foliation. 

Spotted  schist  (Fruchtschiefer  of  the  Germans)  is  a  mica- 
ceous schist  full  of  dark-brown  or  black  spots  and  patches, 
most  of  which  are  embryo  crystals  of  aluminous  silicates, 
not  sufficiently  developed  to  show  regular  faces  or  specific 
characters.  Beoognizable  garnets  and  cubes  of  iron 
pyrites,  however,  sometimes  occur,  and  both  are  common 
in  all  schists.  The  black  spots  often  consist  of  particles 
of  graphite. 

AndalusUe' schist,  Chiastolite,  and  Staurolite'Schists  are 
those  in  which  certain  aluminous  silicates  are  more  com- 
pletely developed,  so  that  the  mineral  species  are  recogni- 
zable. Both  these  and  spotted-schist  occur  chiefly  in  the 
metamorphic  zones  surrounding  igneous  masses. 

Harnblende'Schist  consists  essentially  of  homblende,- 
felspar,  and  quartz,  hornblende  generally  predominating, 
while  in  some  varieties  there  is  little  felspar,  and  in  others 
very  little  quartz.  The  hornblende  forms  long  lenticular 
bands  alternating  with  thinner  layers  of  quartz  or  felspar. 
Most  hornblende-schists  appear  to  have  been  derived 
from  basic  igneous  rocks. ^  '*  In  the  field  diorites,  dolerites, 
and  aphanites  can  be  seen  to  pass  into  hornblende-schist. 

Chlarite'schist  and  Talc-schist  are  schistose  rocks  in  which 
these  particular  minerals  predominate,  but  many  so-called 
chlorite-schists  are  merely  green  mica-schists.  Gkimet, 
epidote,  and  magnetite  are  frequently  present  in  these 
schists. 

SerpefdinC'Schist  is  probably  in  most  cases  a  cleaved 
Serpentine. 

^  See  Teall  on  the  "  Metamorphoeis  of  Basic  Igneous  Rocks/' 
**  Proc  Geol.  Assoc,"  vol.  x.  p.  58.  ... 

L  L 
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CalC'Schist  is  a  schiBtose  limestone  in  which  accessorj 
silicates  have  been  developed  during  metamorphism ; 
silvery  mica  is  frequent  in  such  altered  limestones,  and 
occasionally  tremolite,  as  at  Shinness  in  Sutherland.  Ser- 
pentinous  marble  or  ophicalcite  is  often  schistose.  Calc- 
mica-eehist  is  a  variety  formed  from  impure  limestones ;  the 
chief  constituents  are  quartz,  calcite,  and  mica  arranged  in 
foliated  layers,  the  mica  being  sometimes  rendered  nearly 
opaque  by  black  carbonaceous  dust.  Dolomite  sometimes 
occurs  in  place  of  calcite.^     . 

Porphyroid  and  Schalstein  are  schistose  rocks,  the  one  of 
an  acid,  the  other  of  a  more  basic  character,  whose  origin 
is  rather  obscure,  but  probably  in  many  cases  they  are  vol- 
canic tuffs  altered  by  pressure  and  by  chemical  changes. 
In  other  instances  they  appear  to  be  compact  igneous  rocks 
which  have  been  similarly  altered. 

Gneisses. — These  are  foliated  rocks  consisting  of 
quartz,  felspar,  and  mica.  They  may  be  coarse  or  fine  in 
grain.  Becent  research  tends  to  the  conclusion  that  most 
of  them  are  foliated  igneous  rocks,  and  some  geologists 
doubt  whether  any  true  gneiss  has  originated  from  a  sedi* 
mentary  rock.  When  no  shearing  from  movement  under 
pressure  has  taken  place  the  rock  is  granulitic,  when 
sheared  it  is  crumpled,  and  when  crushed  may  be  mylonitic. 
Eye-structure  is  often  very  clearly  displayed. 

Ordinary  gneiss  consists  of  quartz,  felspar  and  biotite, 
the  felspar  being  usually  orthoclase,  arranged  in  short 
lenticular  folia,  and  some  of  it  in  large  "eyes":  the  quartz 
is  often  in  knots  and  bands.  Garnet  is  frequently  pre- 
sent, while  chlorite,  epidote,  graphite,  etc,  are  common 
accessories.  Protogine  is  a  variety  with  altered  magnesian 
mica,  which  has  been  mistaken  for  talc.  Cordierite^gneiss 
is  a  gneiss  containing  cordierite  or  dichroite,  a  silicate  of 
alumina  (with  some  iron  and  magnesia),  of  a  clear 
blue  colour.  When  hornblende  occurs,  the  rock  is  called 
Hiymhlende-gneiss, 

If  these  varieties  are  compared  with  those  of  granite  and 
tonalite,  it  will  be  seen  that  they  closely  correspond,  and  it 
may  also  be  observed  that  when  foliation  is  not  strongly 

^  See  Bonney  on  "Crystalline  RocIcb  of  the  Alpe,"  "Qaart. 
Journ  GeoL  Soc.,"  1889,  vol.  xlv.  p.  103. 
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oonceiyable,  and  undoubtedly  there  are  cases  wbere  it  is 
Tery  hard  to  distinguish,  in  the  present  state  of  our  know* 
ledge,  between  an  igneous  and  a  metamorphic  rock ;  but 
it  is  certainly  a  fact  that  the  majority  of  instances 
brought  forward  in  proof  of  this  extreme  metamorphisni 
have  broken  down  on  careful  examination."  ^ 

'  From  MS.  notes  by  Professor  Bonney,  who  adds,  that  "since 
this  was  written  the  aavance  of  knowledge  has  shown  that  granite 
has,  in  many  cases,  been  converted  into  gneiss,  while  no  case  of  a 

Sanitic  rock  having  been  formed  out  of  a  mass  of  schist  or  gneiss 
A  been  established.'' 


*        • 


CHAPTER  Xni. 

MKTAMOBPHIC   BOCKS. 

Considered  as  Bock^Masees, 

IN  the  preceding  chapter  the  metamorphic  rocks  have 
been  described  from  a  lithological  or  petrological  point 
of  view.  We  have  now  to  regard  them  as  rock-masses  or 
components  of  the  earth's  crust ;  first  describing  the  rela- 
tions which  their  special  structural  planes  (i.e.,  cleavage 
and  foliation)  bear  to  stratification  and  to  one  another, 
and  discussing  the  evidence  of  the  manner  in  which  these 
structures  have  been  produced ;  secondly,  describing  some 
actual  cases  and  areas  of  metamorphism. 

1.  Cleavage  Planes. 

Dip  and  Strike. — The  planes  of  cleavage  may  be  said 
to  have  a  dip  and  a  strike  just  in  the  same  way  as  planes 
of  stratification.  Their  angle  of  dip  varies  from  the  verti- 
cal to  as  little  as  10*,  but  is  more  frequently  between  50" 
and80\ 

Fig.  173  illustrates  the  varying  relations  between  the 
inclination  of  the  strata  and  that  of  the  cleavage  planes. 
A  represents  a  section  near  Llandovery  in  Wales,  where  a 
series  of  quartzose  grits  and  sandstones  are  inclined  at  an 
angle  of  about  40°,  and  the  cleavage  planes  dip  in  the  same 
direction,  but  at  a  much  greater  angle.  In  b  the  cleavage 
planes  dip  in  the  same  direction,  while  the  strata  are  in- 
clined in  the  opposite  direction.  In  both  cases  the  strike 
of  the  cleavage  planes  coincides  generally  with  that  of  the 
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strata.  Occasionally,  when  the  strata  have  high  dips,  it 
happens  that  the  cleavage  planes  very  nearly  coincide  with 
those  of  the  bedding  and  lamination. 

Their  strike  is  generally  constant  over  considerable  areas, 
and  parallel  to  the  direction  of  the  axes  of  the  principal 
flexures.  This  coincidence  between  the  strike  of  the 
cleavage  planes  and  that  of  the  strata  is  of  itself  strong 
evidence  that  the  cleavage  was  caused  by  the  same  pressure 
as  that  which  caused  the  plication  of  the  rocks. 

One  of  the  best  examples  of  this  steady  direction  in  the 
strike  of  cleavage  planes  is  the  south  of  Ireland,  over  the 
whole  of  which,  from  Dublin  to  Mizen  Head,  the  direction, 
of  the  cleavage  seldom  varies  much  from  E.N.E.  and 


Fig.  173.    Relation  of  Cleavage  to  Bedding. 
a  a,  Bedding  planes,     c  c.  Cleavage  planes. 

W.S.W.,  whatever  rocks  it  traverses,  and  however  different 
these  rocks  may  be  in  lithological  character  and  geological 
age.  The  strike  of  the  main  axes  of  flexure  is  likewise 
steady  in  the  same  direction.  The  planes  of  cleavage  are 
inclined  at  very  high  angles,  which  generally  approach  the- 
perpendicular,  but  when  they  have  a  dip,  it  is  always 
to  the  S.S.E.,  and  this  southerly  dip  appears  to  be  con- 
nected with  the  special  form  of  the  curves  into  which  the 
strata  have  been  bent.  These  are  not  mere  undulations 
with  vertical  axes,  but  are  pushed  over  in  a  northerly- 
direction,  so  that  their  axes  are  oblique,  and  the  strata  are 
slightly  inverted  on  the  northern  side,  as  if  the  pressure 
by  which  they  were  produced  had  acted  most  strongly 
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from  the  south;  the  dip  of  the  cleavage  is  therefore 
roughly  parallel  to  the  dip  of  these  oblique  axes,  both 
being  due  doubtless  to  the  same  cause. 

It  may,  indeed,  be  stated  as  a  general  rule,  that  when  the 
axes  of  the  folds  and  flexures  are  inclined  from  the  perpen- 
dicular, the  average  dip  of  the  cleavage  planes  will  be  in  the 
same  direction. 

North  Wales  is  another  good  field  for  the  study  of 
cleavage.  Fig.  174  is  a  section  through  the  Snowdon 
chain,  from  the  Menai  Straits  in  a  south-easterly  direction ; 
the  beds,  ec  c,  are  conglomerates,  the  other  beds  being 
parallel  to  them,  and  the  fine  strise  are  cleavage  planes 
striking  with  the  beds  to  the  N.E.,  but  cutting  across  them 
in  the  direction  of  the  dip  ;  for  while  the  beds  undulate  at 


Fig.  174.     Cleavage  in  North  Wales  (after  Jukes). 

The  fine  lines  indicate  cleavs^  planes,  but  should  have  been  drawn 
parallel  to  the  arrows  which  show  the  slight  variations  in  their 
dipu 

various  angles,  the  cleavage  dips  slightly  on  either  side  of 
the  vertical,  viz.,  N.W.  at  80"  or  85°  from  a  to  b  ;  S.E.  at 
80"  to  85*  from  b  to  c ;  and  80"  to  the  N.W.  from  c  to  d. 
From  these  facts  it  may  be  inferred  that  the  rocks  were 
folded  first  and  cleaved  afterwards,  though  possibly  not 
long  afterwards;  and  that  some  slight  movements  had 
taken  place  after  the  cleavage  was  set  up. 

In  North  Wales  the  prevailing  strike  of  the  cleavage  is 
N.E.  and  S.W.,  because  this  is  also  the  direction  of  the 
main  lines  of  flexure ;  but  where  the  strata  are  bent  round 
so  as  to  have  a  different  strike,  the  strike  of  the  cleavage  is 
altei^  in  a  similar  manner,  so  as  to  coincide  with  that  of 
the  beds. 

"  In  the  Berwyn  chain,  where  the  beds  curve  regularly 
round,  from  a  N.E.  and  S.W.  strike  along  the  Bala  and 
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Corwen  yalley,  to  an  E.  and  W.  strike  along  the  vale  of 
Llangollen,  the  strike  of  the  cleavage  follows  with  equal 
regularity,  the  cleavage  plains  dipping  W.  20°  N.  at  SO""  in 
the  country  between  Bala  and  Llangjnnog,  curving  round 
as  they  approach  Corwen,  and  striking  nearly  due  E.  and 
W.  on  both  sides  of  the  Dee,  between  Corwen  and  Llan- 
gollen, with  a  dip  almost  invariably  to  the  north  at  a  high 
angle.'* ' 

Cases  have  been  noticed  where  the  dip  of  the  cleavage 
appears  to  have  some  connection  with  the  dip  of  the  beds, 
llius  Darwin  has  described  instances  in  South  America 
where  the  cleavage  planes  dip  inward  on  either  side  of 
large  anticlinal  curves,  so  as  to  exhibit  a  fan-like  arrange- 
ment ;  but  such  exceptions  to  the  general  rule  are  probably 
explicable  on  the  supposition  that  the  dip  of  the  cleavage 
has  been  affected  by  subsequent  movements,  the  cleavage 
being  antecedent  in  point  of  time  to  the  production  of  these 
particular  sets  of  anticlinals.  It  is  quite  possible  that  a 
district  may  at  one  period  of  time  be  subjected  to  very 
great  compression,  capable  of  producing  both  contortion 
and  cleavage ;  and  that  after  a  period  of  quiescence,  during 
which  the  beds  acquired  fixed  positions,  renewed  compres- 
sion may  give  rise  to  another  set  of  curves,  or  even  to  a 
second  set  of  cleavage  planes.  The  range  of  the  Andes  is 
exactly  one  of  the  districts  where  we  should  expect  to  find 
evidences  of  repeated  periods  of  compression,  because  there 
is  other  evidence  that  its  elevation  has  been  the  result  of 
repeated  movements  (see  p.  70).  Cases  in  which  a  second 
set  of  cleavage  planes  have  been  noticed,  with  a  different 
strike  or  dip  to  the  first  set,  are  mentioned  by  Sedgwick, 
Phillips,  and  others. 

Influence  of  Rock-texture  on  Cleavage. — Cleavage 
is  always  most  perfect  in  the  finest  grained  rocks,  splitting 
them  into  an  indefinite  number  of  thin  plates.  The 
coarser  the  rock,  the  fainter,  the  wider  apart,  and  the 
more  rough  and  irregular  do  the  cleavage  planes  become ; 
and  in  the  case  of  thick-bedded  sandstones  cleavage  gene- 
rally divides  the  rock  into  coarse  slabs  only,  the  upper  and 
under  surfaces  of  the  beds  often  breaking  into  dog- toothed 

'  Jukes'  "  Manual  of  Geology,"  second  edition,  p.  267- 
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study  and  in  the  field.  By  microscopical  examination  Mr. 
Sorby  found  that  the  minute  particles  of  slate  lie  more 
flatly  in  the  cleavage  planes  than  in  any  other  direction ; 
whence  he  inferred  that  they  had  been  lengthened  in  the 
direction  of  the  cleavage  planes,  or  else,  if  they  were 
originally  of  unequal  dimensions,  they  have  been  re- 
arranged so  that  the  longer  axes  coincide  with  the  planes 
of  cleavage.  Mr.  W.  M.  Hutchings  says :  "  The  base  and 
main  constituent  of  all  these  slates  (from  Wales  and  Corn- 
wall) is  a  small  grained  mica,  mostly  lying  flat  in  the 
planes  of  cleavage  of  the  rock."  ^  In  the  case  of  coarse- 
grained rocks  this  rearrangement  of  the  component  parti- 
cles may  be  easily  observed ;  thus.  Sir  A.  Bamsay  describes 
a  conglomerate  near  Llyn  Padam  in  Caernarvonshire  as 
consisting  of  slaty  pebbles  in  a  slaty  matrix,  the  whole 
being  affected  by  cleavage  remarkable  on  account  of  the 
pebbles  being  rearranged  with  their  longer  axes  parallel  to 
the  cleavage  planes,  and  looking  as  if  they  had  been 
elongated  or  pulled  out  in  that  direction.^ 

Professor  Q-.  Cole '  describes  the  microscopic  structure  of 
slate  in  the  following  terms: — "All  the  microlites  and 
grains  seem  lying  with  their  longer  axes  parallel  with  one 
another.  .  .  .  The  transparent  constituents  can  sometimes 
be  identified  as  mica.  .  .  .  The  black  amorphous  clay 
particles  or  groups  of  kaolin  flakes  are  pressed  out  into 
extremely  flattened  len tides,  so  that  when  cut  perpendicu- 
larly to  the  cleavage  surfaces  fine  dark  lines  run  parallel 
and  dose-set  through  the  slide." 

The  same  appearances  are  exhibited  by  the  fossils  which 
occur  in  slate  rocks ;  their  dimensions  are  always  changed, 
so  that  the  fossil  is  distorted,  being  lengthene<l  in  one 
direction,  and  shortened  in  another.  Thin  shells  such  as 
LingtdcB  and  the  tests  of  TrUohites  are  especially  affected, 
the  latter  being  sometimes  minutely  wrinkled  in  lines 
parallel  to  the  cleavage. 

It  may  also  be  observed  that  when  harder  beds,  such  as 
bands  of  sandstone  or  limestone,  occur  among  slates,  they 

^  See  his  papers  on  the  **  Probable  Origin  of  some  Slates,"  **  Geol. 
Mag.,"  1890,  pp.  264  and  316. 
'^  "  Geology  of  North  Wales,"  «*Mem,  Geol.  Survey,"  p.  145. 
«  "  Aids  m  Practical  Geology,"  GriJfin  and  Co.,  1891. 
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up  into  contortions,  while  the  plastic  material  would  change 
its  dimensions  without  undergoing  such  contortions ;  and 
the  difference  in  distance  of  the  ends  of  the  paper,  as  mea- 
sured in  a  direct  line,  or  along  it,  would  indicate  the  change 
in  the  plastic  material." 

Conditions  necessary  to  produce  Cleavage. — ^The 
origin  of  cleavage  has  recently  .been  discussed  bj  the  Bev. 
O.  Fisher,  who  thinks  that  the  phenomena  indicate  some- 
thing more  than  mere  compression  and  packing  of  the  rock- 
particles,  and  l)elieyes  that  a  movement  of  the  nature  of  a 
shear,  causing  an  actual  elongation  of  these  particles,  ia 
necessary  for  the  production  of  cleavage. 

A  shear  is  the  result  of  a  stress  or  pressure  so  applied 
as  to  make  one  portion  of  a  body  move  over  another  portion. 
When  the  form  of  a  body  under  stress  is  permanently 
altered  without  solution  of  continuity,  it  is  said  to  be 
plastic,  and  the  movement  of  a  plastic  body  under  shearing 
stress  may  be  called  a  viscous  shear.  When  the  stress  is  so 
great  as  to  overcome  the  friction  of  the  component  parti- 
cles the  body  shears  as  a  solid,  that  is  to  say,  it  gives  way 
along  certain  planes  and  breaks  into  slices,  each  of  which 
moves  over  that  beneath  it.  The  planes  thus  formed  are 
called  shear  surfaces,  and  the  thrust  faults  described  on 
p.  454  are  surfaces  of  this  kind. 

In  his  earlier  papers  Mr.  Fisher  assumed  that  cleavage 
planes  were  also  shear  surfaces,^  but  subsequently  per- 
ceived that  they  could  not  be  such  surfaces,  and  now 
regards  them  as  resulting  from  the  elongation  of  the  com- 
ponent particles  by  a  viscous  shear.'  He  describes  a  case 
in  which  the  cleavage  of  a  slate  is  crossed  obliquely  by 
what  appear  to  be  planes  of  shear,  and  he  shows  that  if  a 
circular  area  were  sheared  between  two  of  these  planes  it 
would  be  distorted  into  an  ellipse,  the  longer  axis  of  which 
would  be  nearly  parallel  to  the  cleavage.  Hence  he  con- 
cludes that  it  was  the  elongation  of  the  rock-particles  by 
the  shear  which  gave  the  rock  its  cleavage.  In  Mr.  Fisher's 
own  words,  "it  is  due  to  the  deformation  of  the  consti- 
tuents of  a  (comparatively)  homogeneous  and  ductile  rock, 

1  "  Geol.  Mag.,"  Dec.  3,  vol.  i.  p.  271. 

'  Op.  cit„  p.  398,  and  "Physics  of  the  Earth's  Crust,"  second 
edition,  p.  269. 


CHAP.  XIII,]  METAMORPHIC  ROCKS.  525 

and  it  follows  the  flattened  faces  of  the  deformed  particles." 
(Op.  eU.,  p.  370.) 

Mr.  Fisher  has  been  kind  enough  to  explain  bj  letter 
more  f uUj  what  he  means  by  "  deformed  particles/'  and  it 
seems  he  means  small  aggregations  of  particles,  or  what 
maj  be  termed  molecules;  but  as  the  existence  of  such 
molecules  in  slates  is  very  doubtful,  and  as  it  is  certain  thai 
the  individual  mica-flakes  lie  in  the  planes  of  cleavage,  the 
author  cannot  accept  Mr.  Fisher's  view,  but  believes  that 
cleavage  is  a  result  of  the  rearrangement  of  the  component 
particles  of  a  rock.  At  the  same  time,  he  admits  that  a 
mass  of  claj  or  shale  compelled  to  change  its  dimensions 
will  shear,  and  that  the  resulting  movement  may  bo  such 
as  will  satisfactorily  explain  the  distortion  of  fossils,  peb- 
bles, or  nodules  contained  in  the  mass. 

It  must  be  remembered,  however,  that  a  shearing  stress 
may  cause  more  than  one  kind  of  movement  within  the 
mass,  and  that  the  particular  movement  considered  by 
Mr.  Fisher  may  be  only  the  final  movement  developed  by 
the  continued  pressure.  The  pressure,  or  the  stresses  set 
up  by  it,  act  more  or  less  horizontally,  and  cause  compres- 
sion combined  with  upward  expansion ;  and  it  is  quite 
conceivable  that  the  first  result  of  such  compression  of  a 
plastic  mass  consisting  chiefly  of  minute  flattish  particles 
would  be  to  cause  a  kind  of  irregular  upward  flow,  during 
which  the  particles,  by  mutual  friction  among  themselves, 
without  elongation  or  deformation,  would  be  simply  re- 
arranged with  their  broad  sides  facing  the  pressure  and 
their  longer  axes  in  the  direction  of  least  resistance.  This 
seems  to  be  the  view  held  by  Sorby,  Tyndall,  and  others, 
who  actually  produced  cleavage  in  various  substances  by 
subjecting  them  to  compression,  only  they  did  not  call  the 
motion  of  the  component  particles  a  shear. 

But  a  cleavage  so  produced  will  not  entirely  account  for 
the  distortion  of  fossils  above  mentioned :  here  Mr.  Fisher 
steps  in,  and  shows  that  if  the  final  result  of  the  shear  is 
to  cause  the  component  particles  to  move  along  parallel 
planes,  any  spheroidal  area  in  the  compressed  mass  will 
necessarily  be  deformed  into  an  ellipsoid;  this  will  ap- 
parently take  place,  by  a  slipping  of  the  particles  past 
one  another  without  disturbance  of  their  parallel  positions. 
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(but  perhaps  with  a  tendencj  to  bend  or  incline  them  in  the 
direction  of  the  shear;  that  is  to  say,  the  shear  forces  them 
to  take  up  a  position  which  is  represented  by  the  direction 
of  the  longer  axis  of  the  ellipsoid  of  distortion.  Such  a 
movement  is  just  what  is  likely  to  happen  when  a  force  is 
overcoming  the  resistance  offered  by  the  cohesion  of  the 
particles,  and  when  carried  a  degree  further  it  will  result 
in  the  development  of  shear  surfaces  such  as  appear  in  the 
case  referred  to  by  Mr.  Fisher. 

There  are  also  some  cases  where  the  cleavage  planes  do 
coincide  with  shear  surfaces ;  the  Ausweichimgs-clivage  of 
the  Germans,  for  which  Prof.  Bonney  has  proposed  the 
name  **  strain -slip  cleavage.*'. 

If  the  view  just  expressed  is  correct,  there  must  be  cases 
of  cleaved  rocks  without  distortion  of  fossils,  such  bodies 
only  showing  elongation  parallel  to  the  planes  of  cleavage. 
It  is  believed  that  such  cases  do  exist,  but  this  point 
requires  further  investigation. 

It  has  been  observed  (1)  that  in  many  cases  the  pressure 
has  come  from  one  definite  direction,  and  (2)  that  where 
large  masses  of  very  hard  rock  occur  in  a  cleaved  area  the 
cleavage  is  always  most  strongly  developed  on  the  side 
which  faced  the  pressure,  and  (3)  that  in  such  localities 
ahear  surfaces  are  often  observable,  but  that  they  have  a 
fiteep  inclination  and  cut  obliquely  across  the  cleavage  ; 
these  are  facts  which  seem  to  indicate  the  following  as 
being  the  conditions  necessary  for  the  production  of 
cleavage : — 

A  resistant  mass,  or  several  such  masses,  of  hard  rock, 
which  serve  as  relatively  fixed  abutments,  a  lateral  force 
producing  compression  of  the  softer  and  more  plastic 
rocks  against  these  abutments,  and  causing  an  upward  ex- 
tension of  the  plastic  beds,  accompanied  by  such  a  re- 
arrangement of  their  component  particles  that  the  flat  flakes 
of  mica  and  kaolin  come  to  lie  in  parallel  planes. 

Continued  application  of  pressure  to  such  a  mass  may 
develop  a  shearing  stress,  the  motion  taking  the  direction 
of  least  resistance,  which  under  such  conditions  will  be 
obliquely  upward,  pulling  out  the  rock-mass  in  that  direc- 
tion, and  ultimately  overcoming  the  friction  and  producing 
shear  surfaces.    The  difference  between  this  shear  and  that 
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producing  a  horizontal  thrust  plane  or  shear  fault,  is  that 
in  the  one  case  the  force  was  not  sufficient  to  over- 
come the  resistance  of  the  abutment,  in  the  other  it  was. 
Hence  the  difference  in  the  hade  of  the  shear  planes,  the 
one  hading  at  a  high  angle,  the  other  at  a  low  angle. 
This  difference  maj  be  seen  also  in  the  section,  fig.  178, 
where  the  reverse  faults  with  steep  hades  have  probably 
been  formed  before  the  resistance  of  the  abutment  was 
overcome,  while  the  thrust  planes  were  formed  after  this 
abutment  gave  way.  In  the  N.W.  of  Scotland  the  abut- 
ment was  evidently  the  gneissic  mass  of  the  Hebrides. 

We  may  conclude,  therefore,  that  a  region  undergoing 
compression  will  first  have  its  component  strata  flexed  and 
folded;  continued  or  subsequently  renewed  pressure  will 
cause,  first  cleavage,  then  reversed  faulting,  and  finally 
more  or  less  horizontal  over-thrusts. 

Foliation. 

Until  recently,  writers  on  foliation  were  much  occupied 
with  the  question  whether  foliation  coincided  with  cleavage 
or  with  stratification.  Sedgwick  and  Darwin  were  of  opinion 
that  foliation  was  almost  always  coincident  with  cleavage, 
and  that  it  was,  in  fact,  only  a  further  development  of 
the  same  process.  Sedgwick,  however,  then  believed  that 
cleavage  itself  was  produced  by  the  action  of  crystalline 
and  polar  forces,  instead  of  by  pressure. 

Jukes  maintained  that  the  coincidence  of  foliation  with 
cleavage  was  only  an  accidental  one,  and  that  it  was  only 
likely  to  occur  in  cases  where  a  considerable  thickness  of 
argillaceous  deposits  had  been  converted  into  a  tolerably 
homogeneous  mass  of  slate  before  it  was  subjected  to 
the  further  metamorphic  processes  which  produced  folia- 
tion. 

Lastly,  it  was  the  unanimous  testimony  of  observers 
in  the  metamorphic  areas  of  Ireland  and  Scotland  that  in 
those  countries  the  foliation  appeared  to  coincide  with  the 
original  stratification,  and  they  appealed  to  cases  where 
quartzites  and  limestones  were  interstratified  with  schists, 
the  foliation  of  the  latter  coinciding  with  the  dip  and 
strike  of  the  former. 
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It  was  therefore  the  general  conclusion  that  foliation 
coincided  either  with  cleavage  or  with  stratification,  and 
more  often  with  the  latter ;  and  it  was  inferred  that  the 
arrangement  of  the  crystalline  minerals  in  folia  was  regu* 
lated  by  the  previously -existing  lines  of  separation. 

The  fact  is,  the  structure  called  foliation  has  not  always 
been  produced  in  the  same  way,  and  there  are  probably  at 
least  three  different  processes  by  which  this  structure  may 
be  set  up. 

Becent  researches,  especially  those  of  Lapworth  and 
Callaway,  and  more  lately  by  the  officers  of  the  Geological 
Survey,  have  demonstrated  that  in  regions  like  the  north 
of  Scotland  the  main  planes  of  schistosity  or  foliation  are 
those  of  shear  under  intense  lateral  pressure,  and  that  the 
foliation  is  developed  with  the  same  direction  through 
stratified  and  unstratified  rocks  alike.  In  the  words  of 
Professor  Lapworth,^  "  the  planes  of  schistosity  are  those 
along  which  the  rocks  yielded  to  the  lateral  pressure.  .  .  . 
These  planes  cut  the  rock  up  into  lenticular  patches  or 
phacoids,  which,  like  the  yielding  planes  themselves,  are 
of  all  gradations  of  size,  from  the  mountain  masses  riding 
out  along  the  great  overfolds  and  overfaults  down  to  the 
"eyes"  of  augen-schiste.  The  mechanical  effects  wrought 
by  the  shearing  and  deformation  of  the  phacoids  show  of 
necessity  a  corresponding  gradation,  the  conditions  at  one 
extreme  giving  rise  to  coarse  rock-breccias;  in  medium 
cas^s  to flaaer  structures  and  foliation;  at  the  other  extreme 
to  compact  stringy  mylonite,  in  which  the  original  material 
has  been  torn  and  ground  to  rock-dust.  Parallel  with  these 
mechanical  changes,  but  not  necessarily  accompanying  them, 
we  note  a  series  of  chemical  changes  of  rising  grades  of 
importance,  a  larger  and  larger  portion  of  the  rock  which 
is  undergoing  deformation  becoming  recrystallized,  until 
finally  it  may  all  be  transformed  into  foliated  crystalline 
rock." 

The  varieties  of  the  schists  produced  in  this  way  are  due 
partly  to  the  relative  degrees  of  alteration,  and  partly  to 
the  original  differences  in  the  structure  and  composition 
of  the  rocks  acted  upon ;  for  what  are  now  schists  may 

*  In  Page's  "Introd.  Text-book  of  Geology,"  twelfth  edition^ 
p.  113. 
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have  been  originally  either  sedimentary  or  igneous  rocks, 
or  even  gneisses  and  schists  formed  by  a  previous  meta- 
morphism.  "In  fine,"  to  quote  Professor  Lapworth  again, 
"a  metamorphic  area  is  a  petrological  complex  whose 
altered  rocks  have  a  common  foliation.  The  strike  of 
foliation  in  such  a  district  is  related  to  the  general  strike 
of  the  sheets  of  sedimentary  or  crystalline  rocks  which 
formed  its  main  masses  at  the  time  of  its  finnl  folding  and 
shearing:  the  dip  of  the  foliation  is  simply  the  local  direc- 
tion of  shear,  i.e.,  is  related  to  the  direction  in  which  the 
mass  was  giving  way."  *  * 

Professor  Bonuey,  however,  maintains  that  this  is  not 
the  only  way  in  wluch  foliation  is  produced.  He  fully  ad- 
mits that  pressure  has  been  the  chief  agent  in  producing 
the  more  prominent  schistose  structures  of  the  north-west 
Highlands,  but  thinks  that  foliation  often  exists  where 
there  is  no  cleavage  and  no  shearing,  and  where  the 
mineral  banding  has  clearly  been  guided  by  the  stratifica- 
tion of  the  materials.  He  mentions  districts  where  both 
kinds  of  foliation  are  distinguishable  in  the  same  mass  of 
rock,  the  stratification-foliation  being  always  the  first- 
formed  and  generally  dominant,  though  sometimes  more 
or  less  obliterated  by  subsequent  pressure-foliation  and 
shearing  structures.  In  the  Swiss  Alps  this  secondary 
foliation,  due  directly  to  pressure,  "  may  be  traced  in  every 
degree,  from  the  stage  where  the  sheen  surfaces  are  quite' 
subordinate  to  the  stratification-foliation,  to  that  in  which 
the  latter  has  been  wholly  obliterated  by  cleavage-foliation, 
when  the  rock  splits  up  into  thin  slabs,  sometimes  almost 
films  of  a  friable  micaceous  schist  which  we  might  almost 
call  a  slate."  ^ 

There  is,  moreover,  another  way  in  which  foliation  may 
be  produced,  to  which  attention  has  recently  been  directed 
by  General  Macmahon  and  Professor  Bonney,  in  connection 
with  the  foliated  gabbro  of  the  Lizard  district.    This  rock 

^  I  have  given  Professor  Lapworth's  description  of  pressure  meta- 
morphism,  not  only  because  it  is  tersely  and  clearly  expressed,  but 
because  he  was  the  first  to  pubUsh  the  deformation  theory  in 
its  complete  form,  and  to  explain  the  structure  of  the  Scottish 
Highlands. 

*  "  Pres.  Address  to  GeoL  Soc,"  1886,  p. 

M  M 
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there  occurs  in  dykes  whicli  break  througli  serpentine  and 
Schist,  and  some  parts  of  these  dykes  are  distinctly  foliated ; 
the  foliation  is  generally  parallel  to  the  walls  of  the  dykee, 
often  occurring  only  near  the  walls,  but  sometimes  trending 
inwards  obliquely  and  blending  into  the  unfoliated  portion 
of  the  mass.  The  folia  are  in  some  cases  so  thin  and  small 
that  the  rock  resembles  a  schist,  but  in  other  parts  the 
grain  is  coarse  and  "eye"  structure  is  not  uncommon.' 
The  authors  above  mentioned  regard  this  foliation  as  a 
kind  of  fluxion  structure  produced  by  movements  in  the 
mass  when  it  consisted  of  crystals  floating  in  a  viscid 
magma,  and  when  its  outside  portions  were  on  the  point 
of  solidification. 

.  Panded  Qneiss,  — ^There  is  still  another  structure  exhibited 
by  certain  rock-masses  which  is  somewhat  analogous  to 
fluxion-foliation,  but  is  on  a  larger  scale.  In  these  rocks 
^istinct  layers  or  bands  of  different  rock-materifil  alternate 
with  one  another  in  such  a  manner  as  to  simulate  strati- 
fication. Thus  the  banded  gneiss  of  Cornwall  consists  of  a 
dark  dioritic  rock  veined  or  banded  with  a  light-coloured 
rock  which  resembles  a  fine-grained  granite,  or  eurite. 
There  is  no  evidence  of  intense  pressure  or  crushing,'  and 
it  is  supposed  that  this  banding  has  been  brought  about 
by  the  injection  of  an  acid  magma  into  a  basic  magma  or 
^ock,  the  former  having  a  high  temperature  and  so  far 
softening  the  latter  that'  it  was  pulled  out  and.  made  to 
flow  with  the  more  liquid  material;  the  two  kinds  of  rocki 
stuff  being  thus  welded  together  without  being  completely 
inixed  before  the  final  crystallization  took  place.' 

The  folia  of  schists  are  frequently  wrinkled  and  corrugated 
in  a  remarkable  manner,  giving  the  rock  a  peculiar  crumpled 
and  gnarled  appearance.  Sir  A.  Bamsay  has  suggested  that 
these  very  lines  are  those  of  a  previously  induced  cleavage 
which  was  only  partially  obliterated  by  the  foliation,  the 
planes  of  cleavage  being  bent  and  crumpled  by  &rther 

*  "  Quart.  Journ.  Geol.  Soc.,"  voL  xlvii.  p.  487. 

^  Bonney  and  Macmahon,  '*  Quart.  Journ.  Geol.  Soc.,"  vol.  xlviL 
p.  477.  See  also  a  paper  by  Messrs.  Hill  and  Bonney  on  the  Schists 
and  Gneisses  of  Sark,  read  before  GeoL  Soc.^  Jan.  2Qth,  1892,  in 
Avhich  they  describe  the  genesis  of  a  banded  biotite-gneias  out  of  a 
hornblende  rock  invaded  by  a  fine-grained  granite. 
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pressure  when  the  mass  was  in  a  plastic  condition.  This 
explanation  assumes  the  existence  of  a  previous  cleavage, 
and  it  is  possible  that  in  many  cases  the  corrugation  is 
simplj  due  to  subsequent  compression  acting  on  the  folia 
of  a  schist,  and  that  it  is  therefore  analogous  to  the  crum- 
pling of  the  original  laminsB  of  a  slate.  It  may  be  the 
e&ct  of  pressure  acting  on  the  mass  after  the  layers  or 
folia  had  been  formed.^ 


2.  Arecu  of  Metamorphism, 

'  The  reader  may  already  have  gathered  from  statements 
in  the  preceding  pages  that  the  metamorphism  of  rocks 
has  not  been  accomplished  by  one  set  of  agencies  only,  or 
under  one  set  of  physical  conditions.  As  a  matter  of  fact, 
the  rocks  which  are  usually  grouped  together  as  metamor- 
phic  have  resulted  from  the  operation  of  several  distinct 
physical  processes;  one  being  the  intrusion  of  large 
masses  of  igneous  rock,  another  being  the  development 
of  stresses  and  strains  in  a  portion  of  the  earth's  crust. 
While  as  to  the  manner  in  which  stratification-foliation 
has  been  produced  over  large  areas  we  must  at  present  be 
content  to  confess  our  ignorance.  It  is  possible  that  in 
time  the  microscope  will  disclose  the  existence  of  radical 
differences  between  rocks  formed  in  such  different  ways, 
and  it  is  already  certain  that  some  varieties  of  rock  are 
only  formed  under  certain  conditions.  It  is  therefore 
desirable  to  distinguish  clearly  between  the  different  kinds 
of  metamorphism:  the  first  has  been  called  Local  or 
Contact  Metamorphism,  the  second  Pressure  Metamorphism^ 
the  third  Regional  Metamorphism. 

Local  or  Contact  Metamorphism. — Some  of  the 
metamorphic  effects  produced  by  the  intrusion  of  igneous 
rocks  have  already  been  mentioned.  The  mutual  alteration 
resulting  from  the  contact  of  granite  veins  with  limestone 
was  mentioned  on  p.  485 ;  again,  the  manner  in  which  a 
tnass  of  slate  may  be  altered  into  mica-schist  by  the 

'  This  passage  remains  as  printed  in  the  first  edition  ;  the  view 
expressed  has  been  confirmed  by  recent  obeervationB  in  Scotland. 
See  "  Quart  Jo«m.  Geol.  Soc/'  1888,  p.  378. 
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and  losing  its  fissile  character,  though  the  lines  of  lamina- 
tion are  still  visible ;  near  the  dolerite  it  is  converted  into 
a  hard  jasperj  porcellanite,  while  crystals  of  garnet  and 
analcime  are  developed  more  or  less  throughout  th6  altered 
portion  of  the  shale.  The  limestone  undergoes  similar 
alteration,  becoming  gradually  compact  and  crystalline  in 
approaching  the  trap. 

It  often  happens,  too,  that  the  igneous  rock  itself  is 
likewise  altered  near  the  contact  surfaces,  especially  if  it  is 
intruded  into  rocks  of  a  calcareous  or  carbonaceous  nature ; 
basalt  often  loses  its  dark  colour,  assumes  tints  of  pink 
and  green,  or  even  becomes  quite  white,  and  chemical 
analysis  shows  that  such  white  traps  contain  from  9  to  10 
per  cent,  of  carbonic  add,  and  10  or  11  per  cent,  of  water. 

Excellent  instances  of  such  mutual  metamorphism  occur 
in  Fifeshire,  which  has  been  the  scene  of  extensive  and 
repeated  volcanic  intrusions.  The  results  of  one  of  these 
intrusions  may  be  studied  on  the  shore  at  Boss  End  near 
Burntisland,  where  the  calciferous  sandstones  are  invaded 
by  a  sheet  of  dolerite.  The  sandstones  are  converted  into 
quartzite,  and  aU  stages  of  alteration  can  be  traced  in  the 
lower  part  of  the  dolerite,  passing  from  dark  green,  through 
light  green,  to  pink  and  white,  and  in  one  place  it  is  bright 
red,  with  amygdaloidal  inclusions.  The  main  sheet  sends 
off  intrusive  branches  and  veins  of  white  trap  into  the 
quartzite,  fragments  of  which  have  been  broken  off  and 
included  in  the  igneous  rock. 

Similar  instances  are  found  in  the  South  Staffordshire 
coal-field,  as  described  by  Mr.  Jukes,^  who  specially  men- 
tions one  in  the  Grace  Mary  colliery,  where  a  part  of  the 
Tenvard  coal  and  associated  sandstone  is  penetrated  by  an 
jrre^ar  aheet  of  white  earthy  trap,  which  has  probably 
proceeded  from  the  black  basalt  of  the  neighbouring 
Eowlev  Hills.  The  sandstone  has  not  been  much  altered 
by  the  contact,  but  the  coal  has  lost  its  bright  lustre  and 
much  of  its  inflammable  character. 

Alteration  hy  Granitic  Masses, — 1.  As  an  instance  where 
the  effects  of  intrusive  bosses  of  igneous  rock  can  be  easily 
examined  we  may  take  those  of  Cornwall.    In  this  county 
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four  bosses  of  granite,  whicli  are  probablj  parts  of  one 
continuous  underlying  mass,  are  intruded  into  the  clay 
slates  which  are  locally  termed  hiUas,  The  metamorphic 
zone  surrounding  any  of  these  bosses  varies  from  a  quarter 
to  half  a  mile  in  width ;  within  these  limits  the  kdlas  is 
converted  into  micaceous  schist,  and  in  the  immediate 
neighbourhood  of  the  granite  into  a  still  harder  semi- 
crystalline  and  compact  felspathic  rock  (homfeU), 

2.  The  metamorphism  of  the  Silurian  slates  by  the 
granite  of  Leinster,  already  described  (pp.  481  and  482), 
supplies  an  instance  in  which  a  still  wider  zone  of  rock  ha« 
been  altered  in  a  similar  way.  Mr.  Jukes  has  given  the 
following  description  of  this  district :  * — "  The  great  mass 
of  granite  which  has  been  intruded  into  the  clay  slates  of 
Leinster  forms  a  continuous  range  of  granite  hills  from 
Dublin  Bay  to  the  neighbourhood  of  New  Boss,  a  distance 
of  70  miles.  Between  this  range  and  the  coast  other 
smaller  intrusive  bosses  make  their  appearance  at  the 
surface.  The  unaltered  clay  slates  exhibit  various  tints 
of  dull  grey,  green,  blue,  puiple,  and  black;  they  are 
always  without  lustre,  and  generally  of  a  dull  earthy 
texture.  Small  bands  of  grey  siliceous  grit  often  occur  in 
them. 

"  Wherever  the  granite  comes  to  the  surface  a  belt  of 
slates  surrounding  it  is  converted  into  mica-schist,  with, 
in  some  few  places,  beds  that  might  be  called  gneiss. 
Crystals  of  garnet,  schorl,  andalusite,  staurolite,  etc.,  make 
their  appearance  in  these  altered  slates  in  greater  and 
greater  abundance  as  they  approach  the  granite.  The 
width  of  the  metamorphosed  belt  is  generally  proportioned 
to  the  size  of  the  granite  mass  which  it  surrounds.  Boimd 
the  smaller  granite  bosses  it  is  sometimes  not  more  than 
50  yards  wide ;  round  the  main  granite  mass  it  sometimes 
reaches  to  two  miles.  It  matters  not  through  what  part 
of  the  slate  rocks  the  granite  rises,  or  which  beds  strike 
towards  the  granite, — they  are  all  f oimd  to  be  affected  in 
the  same  way  as  they  approach  it. 

"  In  going  towards  the  main  granite  ridge  it  is  found 
sometimes  at  a  distance  of  two  miles  from  the  outcrop  of 

'  *<Student6'  Manual  of  Geology,"  second  edition,  p.  275. 
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the  granite  (which,  is,  however,  much  nearer  probably  in  a 
vertical  direction),  that  the  slates  have  acquired  a  '  glaze,' 
as  it  were,  or  micaceous  lustre,  with  a  soapy  feel.  This 
micaceous  appearance  increases  as  we  approach  the  granite, 
till  at  last  distinct  plates  and  folia  of  mica  are  to  be  seen, 
and  the  whole  assumes  the  ordinary  character  of  mica- 
schist,  occasionally  passing  into  a  kind  of  gneiss.  Some 
of  these  gneissic  layers  are  obviously  beds  of  sandstone 
originally  interstratified  with  the  shales,  the  rocks  having 
all  the  appearance  of  interstratified  shale  and  sandstone  at 
a  distanoe,  and  imtil  they  are  broken  open,  and  are  found 
to  have  the  aspect  of  mica-schist  and  gneiss."  ^ 

By  French  writers  the  term  aureole  has  been  introduced 
to  designate  the  concentric  zone  of  metamorphosed  rocks 
which  surrounds  an  intrusive  mass  of  igneous  rock.  Thus, 
in  describing  the  phenomena  of  contact  metamorphism 
round  the  granitic  bosses  of  Asturia  in  Spain,  Dr.  Betrrois 
says :  "  The  first  metamorphic  effect  is  simply  a  change  of 
structure,  consisting  of  the  development  of  a  crumpled  or 
goffered  structure,  without  any  new  combinations  being 
formed  among  the  elements  of  the  rock.  Nearer  the  granite 
the  metamorphic  effect  is  different  and  more  intense ;  the 
minerals  whose  substance  is  disseminated  in  a  pulverized 
state  within  the  rock  have  crystallized  in  consequence  of 
molecular  changes,  the  particles  of  a  similar  nature  being 
attracted  to  one  another,"  and  forming  crystals  of  mica, 
chiastolite,  etc.'  These  chiastolite  shales  become  more  and 
more  micaceous  as  one  approaches  the  granite,  until  they 
become  regular  foliated  schist.  Three  distinct  concentric 
zones  can,  therefore,  be  recognized  in  the  aureoles  round  the 
granites  of  Asturia,  and  may  be  distinguished  as  follows, 
commencing  with  the  outermost: — 

1.  Zone  des  schistes  gaufres  (wavy  schists). 

2.  Zone  des  schistes  macliferes  (spotted  schists). 

3.  Zone  des  Leptjmolithes  (gneissic  and  quartzose  schists)  • 

^  The  reader  will  see  that  Jukes  is  only  describing  the  general 
aspect  of  the  rocks,  which  do  not  really  exhibit  the  microRcopical 
structure  of  mica-schist  and  gneiss. 

^  "Recherches  sur  les  terrains  anciens  des  Asturies  et  de  la 
Galicie,  Mem.  Soc  Geol.  dn  Nord,"  tome  ii.  1882,  p.  92. 
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Dr.  Barrois  is  careful,  howerer,  to  point  out  that  this  suc- 
cession of  aureoles  is  only  true  in  a  general  sense,  and  that 
layers  of  micaceous  schist  with  crystals  of  chiastolite  are 
often  intercalated  among  the  less  highly  metamorphosed 
schists.  Such  intercalations  are  doubtless  dependent  upon 
differences  in  original  mineral  composition,  the  crystals 
being  more  easily  developed  in  some  beds  than  in  others. 

Describing  the  effects  of  the  granitic  intrusions  of  the 
Yosges,  Professor  Bosenbusch  also  distinguishes  three 
zones  which  he  terms : — 

1.  Zones  of  spotted  clay-slate  (knoten  thon-schiefer). 

2.  Zones  of  spotted  mica-slate  (knoten  glimmer-schiefer). 

3.  Zones  of  massive  hornstone  (hornfels). 

The  hornstone  of  the  innermost  zone  is  a  hard,  compact 
rock,  sometimes  of  a  jaspery  aspect,  sometimes  more  crystal- 
line, and  generally  containing  crystals  of  andalusite.  The 
microscope  showed  it  to  be  really  crystalline  and  to  consist 
of  quartz,  two  kinds  of  mica,  andalusite,  magnetite  and 
hfiBmatite. 

The  effect  of  granite  on  a  mass  of  sandstone  has  been 
well  described  by  Dr.  Barrois  in  connection  with  the  granite 
of  Gu^mene,  in  Brittany.  The  unaltered  sandstone  consists 
of  quartz  and  white  mica  with  some  ferruginous  matter. 
In  the  first  zone  the  minerals  are  the  same,  but  both 
are  recrystallized,  and  the  rock  is  a  quartzite ;  the  mica 
changed  to  a  black  variety,  probably  by  absorption  of 
iron.  Nearer  the  granite  silHmanite  (a  variety  of  andalu- 
site) in  acicular  crystals  and  magnetite  appear.  Close  to 
the  granite  the  rock  is  traversed  by  gi*anitic  veins  of  all 
sizes,  and  is  so  impregnated  with  granitic  material  that  it 
becomes  a  felspathic  (juartzite. 

District  and  Regional  Metamorphism. — The  cases 
of  alteration  above  described  demonstrate  that  the  intrusion 
of  igneous  rock  into  stratified  rock  is  sufficient  to  convert 
portions  of  the  latter  into  metamorphic  rocks  by  a  recrys- 
tallization  of  the  rock  material.  Moreover,  since  the  ex- 
tent of  this  metamorphism  appears  to  be  roughly  propor- 
tionate to  the  mass  of  the  intrusive  rock,  it  might  be 
supposed  that  the  cases  of  metamorphism  on  a  larger  scale 
were  principally  due  to  the  proximity  of  still  larger  masses 
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of  intnisiTe  igneous  rocks.  This,  however,  would  le  a 
false  inference,  for  we  conld  not  examine  many  metamor- 
phic  districts  without  finding  that  the  extent  of  metamor- 
phism  was  out  of  all  proportion  to -the  mass  of  purely  in- 
trusire  rock  in  the  same  area.  The  Scottish  Highlands,  for 
instance,  consist  mainly  of  metamorphic  rocks,  jet  they  do 
not  exhibit  any  mass  of  intrusive  granite  so  large  as 
that  of  Leinster,  the  alterative  effect  of  which  only 
extends  to  a  maximum  distance  of  two  miles.  Again,  in 
the  Swiss  Alps,  where  the  whole  mountain  masses  consist 
of  highly  metamorphosed  strata,  intrusions  of  granite  or 
other  plutonic  rock  are  of  rare  occurrence,  and  where  they 
do  exist  cannot  be  connected  with  metamorphic  action  of 
any  importance. 

It  is  clear,  therefore,  that  the  mere  contact  with  deep- 
seated  igneous  rock  is  not  sufficient  to  produce  wide  areas 
of  metamorphism ;  but  the  same  study  of  metamorphic 
districts  which  would  lead  us  to  discard  this  hypothesis 
would  elicit  the  fact  that  in  some  districts  metamorphic 
action  has  always  been  accompanied  by  great  contortion 
and  plication  of  the  strata  with  overfolds  and  overthrusts, 
and  that  the  amount  of  this  plication  and  dislocation  does 
appear  to  have  a  direct  relation  with  the  intensity  of  the 
metamorphism. 

In  such  districts  everything  points  to  the  combined 
influence  of  intense  pressure  and  heat,  with  a  resulting 
movement  of  elevation.  Mr.  Mallet  has  also  suggested 
that  the  energy  of  the  force  employed  in  crushing  and 
contorting  the  rocks  may  be  transformed  into  heat,  and 
that  the  amount  of  heat  evolved  during  this  process  might 
be  sufficient  to  soften  and  partially  fuse  the  rocks  which 
are  thus  affected.  But  geologists  have  not  found  any  evi- 
dence in  nature  which  tends  to  support  this  hypothesis. 

Moreover,  Professor  Bonney  has  pointed  out  that  in  some 
metamorphic  areas  there  is  very  little  evidence  of  pressure, 
and  that  in  others,  e.^.,  the  Alps,  there  is  clear  evidence 
that  the  pressure  did  not  act  till  after  the  rocks  had  become 
crystalline.  Again,  in  Scotland  there  are  large  areas 
where  the  metamorphism  is  not  due  to  lateral  pressure  or 
crushing,  though  there  are  certain  districts  where  special 
kinds  of  schistose  rock  have  been  produced  by  pressure 
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out  of  previously  foliated  rocks.  Professor  Bonney  con- 
sequently maintains  that  it  is  a  mistake  to  include  these 
special  cases  under  the  head  of  regional  metamarphism ;  thia 
term  should  be  reserved  for  the  larger  areas  of  metamor- 
phic  and  crystalline  rocks,  such  as  the  Scottish  Highlands 
as  a  whole,  the  crystalline  region  of  the  Alps,  and  large 
parts  of  Norway,  Greenland,  and  Canada.  The  phenomena 
of  the  smaller  districts,  often  included  in  these  tracts, 
which  have  been  modified  by  pressure  may  be  described 
under  the  head  of  district  metamorphiem. 

As  an  instance  of  such  a  district  we  may  take  the  N.W. 
Highlands,  the  phenomena  of  which  have  been  specially 
studied  by  Professors  Lapworth  and  Bonney,  Dr.  Callaway, 
Messrs.  Peach,  Home,  and  other  officers  of  the  G«ologi(»kl 
Survey.  Three  g^eat  formations  enter  into  the  structure 
of  this  region ;  the  lowest  and  oldest  is  the  basal  gneiss  of 
Sutherland  and  Boss ;  the  second  is  a  massive  formation 
of  red  sandstone  and  conglomerate ;  the  third  is  a  series 
of  grits,  quartzites,  shales  and  limestones.  Before  the 
production  of  the  dislocations  and  deformations  to  which 
the  present  arrangement  of  the  rock-masses  is  due,  the 
basal  gneiss  formed  a  continuous  platform  supporting  the 
two  other  formations;  the  red  sandstones,  which  are  in 
places  more  than  4,000  feet  thick,  thinned  out  eastward 
and  allowed  the  uppermost  stratified  series  to  rest  directly 
on  the  gneiss  ;  the  general  strike  of  this  series  being  from 
N.N.E.  to  S.S.W.,  and  their  general  dip  being  to  the 
£.S.£» 

In  the  western  part  of  the  region  the  original  relations 
of  the  three  formations  are  clearly  visible,  and  the  rocks 
can  be  recognized  as  those  above  mentioned ;  it  is  seen 
also  that  the  basal  gneiss  received  its  foliation  before  the 
accumulation  of  the  sandstones.  In  the  central  and  eastern 
districts,  however,  the  whole  mass  has  been  plicated  and 
dislocated,  cut  up  by  reversed  faults,  and  sliced  by  thrust 
planes,  and  the  severed  blocks  and  slices  have  been  piled 
on  to  one  another  in  a  manner  that  can  only  be  readized 
by  actual  inspection  of  the  country,  or  of  the  detailed 
sections  drawn  by  the  geological  surveyors.^  At  the  same 

^  See  Report  of  recent  work  in  the  North-west  Highlands  of 
Scotland,  "  Quart.  Joum.  Geol.  Soc.,"  vol.  xliv.  p.  378. 
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time»  in  consequence  of  these  mechanical  movements  and 
of  the  chemical  action  thereby  set  up,  the  rocks  have  all 
been  conrerted  into  varieties  of  gneiss  and  schist,  and  the 
foliation  of  the  previously  existing  gneiss  has  been  more 
or  less  obliterated  by  the  secondary  foliation  which  it  has 
acquired  in  common  with  the  other  rocks.  The  igneous 
rocks  too,  which  occur  as  intrusive  masses  and  dykes  in 
the  stratified  series,  are  in  the  central  district  converted 
into  augen-schilsts,  hornblende,  and  sericite-schists.  Fig.  1 78 
is  an  attempt  to  give  a  general  idea  of  the  structure  of  this 
region,  but  on  such  a  small  scale  it  is  impossible  to  convey 
more  than  a  feeble  outline.  Fig.  179  is  a  portion  of  it  on  a 
larger  scale ;  and  the  reader  should  also  refer  to  fig.  144, 
p.  454,  to  realize  the  kind  of  faulting. 

The  following  extracts  from  the  Report  of  the  Geological 
Surveyors  describe  the  ettent  to  which  the  metamorphism 
of  some  of  the  rocks  has  been  carried. 

First,  as  to  the  gneiss,  they  note  a  gradual  increase  in 
the  alteration  of  this  rock,  and  in  the  obliteration-  of  the 
first  foliation  as  it  is  followed  from  west  to  east.  De- 
scribing the  belt  of  sheared  gneiss  and  green  schist  which 
underlies  the  Moine  thrust  plane,  they  say:  ''The  Archsean 
gneiss  has  been  rolled  out  into  a  finely  laminated  slate*  or 
slaty  schist  (mylonite),  breaking  into  thin  folia  like  leaves 
of  paper.  All  the  various  stages  of  deformation,  from  the 
crushed  Archeean  gneiss  on  the  one  hand,  to  the  laminated 
slate  on  the  other,  can  be  clearly  traced.  The  original 
constituents  of  the  gneiss  have  been  comminuted,  but  here 
and  there  broken  fragments  of  the  felspars  occur,  which 
are  invariably  drawn  out  in  the  direction  of  movement.  •  .  . 
These  finely  laminated  schists  or  slates  show  beautiful 
examples  of  fluxion  structure,  and  their  foliation-surfaces 
display  closely  set  lines  or  '  striping,'  indicating  the  direc- 
tion of  movement  of  the  particles  over  each  other,  the 
general  trend  of  the  latter  being  E.S.E.  Associated  with 
these  slates  are  certain  belts  of  *  frilled '  dark  green  schists, 
a  detailed  study  of  which  points  to  the  conclusion  that 
they  have  been  formed  mainly  out  of  dark  homblendic 
gneiss,  the  folia  having  been  piled  on  each  other  by  minute 
major  and  minor  thrust^."     (Op.  ciL,  p.  430.) 

The  alteration  of  the  conglomerate  at  the  base  of  the 
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red  sandstone  forms  another  object  lesson  in  meta- 
morphism.  *'  In  its  unaltered  form  this  characteristic 
band  of  conglomerate  is  composed  of  more  or  less  well- 
rounded  pebbles  of  quartz-rock,  gneiss,  pegmatite,  diorite, 
&c.,  embedded  in  a  loose  grittj  matrix.  But  where  it  has 
been  subjected  to  mechanical  movement,  the  softer  pebbles 
of  gneiss  and  fragments  of  the  basic  dykes  have  been 
crushed,  flattened,  and  elongated  in  the  direction  of  move* 
ment.  Indeed,  in  some  cases  they  have  been  drawn  out  to 
such  an  extent  as  to  form  thin  lenticular  bands  of  micaceous 
or  hornblende-schist  flowing  round  the  harder  pebbles  of 
quartz-rock.  The  latter  still  preserve  their  rounded  form, 
but  they  are  traversed  by  small  '  step-faults,',  tending  to 
elongate  them  in  the  direction  of  movement.  The  original 
gritty  matrix  has  been  converted  into  a  flne  micaceous,  or 
green  chloritic  schist,  showing  exquisite  flow-structure 
winding  round  the  elongated  pebbles  in  wavy  lines.  In 
short,  the  matrix  has  been  converted  into  a  fine  crystalline 
schist,  and  but  for  the  presence  of  the  deformed  schistose 
pebbles  it  would  probably  be  impossible  to  tell  that  th^ 
schist  had  a  clastic  origin."    (Op.  eit,  p.  481). 

In  the  upper  stratified  series  the  grits  and  quartzites  are 
altered  into  quartz-schists,  the  shaJes  are  converted  into 
dark  micaceoas  schists,  and  the  limestones  into  marbles. 
The  dykes  of  felsite  in  these  rocks  are  changed  into  a  sort 
of  soft  greenish  mica-schist,  and  the  diorites  into  horn^ 
blendic  augen-schist  and  gneiss. 

In  the  more  eastern  districts  there  are  great  alternations 
of  flaggy  micaceous  schist  and  of  coarse  micaceous  and 
homblendic  gneiss,  traversed  in  places  by  bands  of  pink 
and  grey  granite  which  have  been  converted  into  granitoid 
gneiss  by  mechanical  movements. 


CHAPTER  XIV. 

UNCONFORMITY   AND   OVEBLAP. 

THAT  drj  land  has  always  existed  somewhere  through- 
out all  geological  time  we  know  from  the  very  exis- 
tence of  mechauically-formed  rocks,  which  are  the  me- 
morials of  its  erosion  and  destruction.  This  axiom  was 
i^ell  expressed  by  Jukes  in  the  following  passage :  "  Lyell 
long  ago  showed  that  the  amount  of  such  [detrition  and] 
denudation  is  to  be  exactly  measured  by  the  quantity  of 
the  mechanically*formed  aqueous  rocks,  and  as  our  present 
lands  show  us  vast  sheets  of  sandstones  and  clays  hundreds 
jind  thousands  of  feet  in  thickness  and  hundreds  and  thou- 
sands of  square  miles  in  extent,  and  as  every  particle  of 
these  enormous  masses  of  rock  is  the  result  of  the  erosion 
of  previously  existing  rocks,  it  follows  that  the  amount  of 
denudation  must  have  been  just  as  great  as  that  of  deposi- 
tion. Just  as  when  we  see  a  large  building  we  know  that 
■a  hole  or  quarry  must  have  been  made  somewhere  in  the 
earth,  equal,  at  least,  to  the  cubical  contents  of  the  solid 
parts  of  that  building ;  so,  where  we  see  a  vast  mass  of 
mechanically-formed  aqueous  rocks,  we  must  feel  assured 
that  a  gap  was  made  somewhere  in  the  surface  of  the  earth 
equal  to  the  solid  contents  of  those  rocks.*'  ^  Conversely, 
also,  when  we  have  ascertained  that  a  large  amount  of 
rock  material  has  been  removed  from  any  existing,  or 
any  ancient  land  surface,  we  can  be  sure  that  an  extensive 
series  of  stratified  deposits  must  have  been  formed  some- 
w^here  out  of  the  materials  thus  removed,  and  that  their 

• 

*  Jukes'  '*  Manual  of  Geology,"  first  edition,  p.  280. 
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deposition  went  on  pari  passu  with  the  detrition  of  the  laud 
surface. 

The  OBcillations  of  level  which  have  continually  taken 
place  have  caused  frequent  changes  in  the  form  of  the 
ancient  continents,  depressing  some  parts  beneath  the  sea 
and  elevating  other  parts,  so  as  to  raise  portions  of  the  ad- 
joining sea-bottom  into  dry  land.  The  tracts  that  formed 
dry  laind  were  constantly  exposed  to  the  detritive  action  of 
those  agencies  which  were  described  in  Part  I.,  Chapters  VT. 
and  YII.,  and  the  tracts  that  sank  below  the  sea  were  sub- 
jected to  the  planing  and  levelling  action  of  the  sea-waves 
(Chapter  Vin.). 

The  result  of  both  processes  being  to  remove  a  great 
thickness  of  rock,  and  the  special  result  of  the  latter  pro* 
cess  being  to  produce  the  more  or  less  level  surface  which 
is  termed  a  plain  of  manne  denudation,  it  follows  that 
when  such  surfaces  are  depressed  far  below  the  sea-level, 
and  newer  deposits  are  laid  down  upon  them,  there  must 
be  a  break  or  discontinuity  between  the  older  rocks  and 
the  newer  deposits.  The  older  series  may  form  a  regular 
and  continuous  sequence  of  beds,  but  the  process  of  depo- 
sition having  been  interrupted  by  a  period  of  erosion  and 
disturbance,  there  must  naturally  be  a  certain  amount  of 
discordance  between  the  older  and  newer  series.  Such 
discordance  constitutes  unconformity. 

The  importance  of  these  conclusions  cannot  be  over-esti- 
mated, and  without  a  knowledge  of  the  facts  and  inferences 
to  be  described  in  the  present  chapter,  the  student  could 
make  but  little  progress  in  the  study  of  stratigraphical 
geology. 

Every  country  has  its  own  geologpical  sequence,  com- 
prising a  great  series  of  strata,  which  is  divisible  into 
many  natural  groups  or  stages,  and  between  any  two  of 
these  groups  there  are  only  two  possible  relations :  they 
must  be  either  in  conformable  or  unconformable  succession. 
These  terms  we  proceed  to  define. 

1.  Conformable  Succession. — Two  sets  of  beds  are 
said  to  be  conformahle  when  the  base  of  the  upper  set  rests 
evenly  upon  the  surface  of  the  lower  set,  that  surface  being 
everywhere  one  of  original  deposition.  The  plane  of  sepa- 
ration between  two  such  groups  simply  marks  aa  interval 
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of  comparatively  short  duration,  during  which  no  deposi- 
tion took  place.  Two  or  more  conformable  groups  of  beds 
will  therefore  form  a  regular  sequence  like  that  of  the 
groups  1,  2,  8,  4,  etc.,  in  figs.  108  and  134. 

2.  Unconformable  Succession. — Two  sets  of  beds 
are  said  to  be  unconformable  when  the  base  of  the  upper 
set  passes  over  and  across  the  eroded  edges  of  the  lower 
set,  the  upper  surface  of  the  latter  being  in  fact  a  surface 
of  erosion.  Such  a  plane  of  separation  involves  the  lapse 
of  an  interval  more  or  less  long,  during  which  parts  of  the 
beds  previously  formed  were  broken  up  and  carried  away, 
leaving  a  discontinuous  sequence  or  a  discontinuity  in  the 
stratigraphical  succession,  as  in  the  lower  part  of  fig.  172» 


Fig.  180.    Unconformity. 

where  the  lower  group  of  beds,  m,  m,  have  been  tilted  and 
planed  off  till  the  horizontal  surface,  a,  b,  was  produced^ 
on  which  the  overlying  strata  1  to  7  have  been  deposited. 

This  defijiition  of  unconformable  succession  is  a  very 
general  one,  and  will  include  cases  which  are  not  gene<-^ 
rally  called  tmconfarmitieBt  though  they  are  discontinuities. 
There  are,  therefore,  two  kinds  of  discontinuity  or  irregu- 
larity, either  of  which  may  cause  a  break  in  the  regular 
upward  succession  of  a  series  of  stratified  rocks ;  and,  as  the 
distinction  between  them  involves  important  considerations,, 
it  is  necessary  that  they  should  both  be  clearly  defined* 

A.  Chntemporane<yus  Erosion. — This  is  a  partial  discor* 
dance  caused  by  the  erosion  of  channels  and  hollows  in  a* 
lower  group  of  beds  before  the  deposition  of  the  overlying^ 
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group.  Thus  in  fig.  181,  a  channel  has  been  eroded  out  of 
the  beds  c,  c,  and  the  succeeding  strata,  s,  s,  have  been 
deposited  horizontally  upon  the  uneven  surface  thus  pro- 
duced. In  such  cases  the  erosion  has  only  been  local  and 
partial,  and  other  exposxires  of  the  two  groups  would  show 
that  in  most  places  the  beds  s,  s,  rested  evenly  and  conform- 
ably upon  the  beds  c,  c.  It  is  obvious,  moreover,  that  if 
the  deposits  were  subsequently  tilted,  they  would  both  be 
inclined  at  the  same  angle,  and  would  strike  in  the  same 
direction. 

B.  True  Unconformity  involves  complete  and  widespread 
discordance,  and  may  be  defined  as  the  superposition  of 
one  group  of  beds  upon  the  upturned  and  eroded  edges  of 
another  group  (as  in  fig.  180).  In  other  words,  the  dip 
and  strike  of  the  two  groups,  when  both  are  tilted,  will 
be  different.    In  such  cases  the  interval  between  the  two 
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Fig.  181.    Contemporaneous  Erosion. 

groups  must  have  been  long  enough  for  great  geographical 
changes  to  have  taken  place;  these  must  have  included 
the  elevation  of  the  lower  group,  the  production  of  a  land 
surface,  and  the  subsequent  depression  of  this  surface 
below  the  sea.  Sometimes  the  difference  of  dip  is  so  slight 
that  it  only  becomes  apparent  after  a  large  area  of  ground 
has  been  surveyed.  In  other  cases  the  faulting  of  the 
older  beds  before  the  deposition  of  the  newer,  as  in  fig. 
142,  or  their  flexure  and  contortion  as  in  fig.  187,  renders 
the  fact  of  unconformity  easy  to  detect. 

The  occurrence,  then,  of  a  strong  unconformity  with  a 
marked  discordance  of  dip  may  in  itself  be  taken  as  proof 
that  dry  land  existed  for  some  time  there  during  the 
interval  between  the  formation  of  the  two  series  of  strata. 
But  a  case  of  contemporaneous  erosion  only  proves  that 
the  lower  beds  have  been  brought  within  the  action  of 
currents,  without  being  raised  above  the  surface  of  the  sea 
in  which  they  were  desposited. 

N  N 
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The  student  must  understand  that,  in  many  cases,  the 
existence  of  an  unconformity  between  two  formations  can 
only  be  ascertained  by  observing  several  points  of  junc- 
tion, or  by  mapping  the  country.  In  some  cases  a  single 
exposure,  such  as  a  clifE  section,  may  leave  no  reasonable 
doubt  as  to  the  relations  of  two  formations ;  but  in  other 
cases  it  would  be  impossible  to  say,  from  the  inspection  of 
one  exposure,  whether  a  discordance  therein  visible  was 
local  or  widespread.  The  difference  of  dip  may  not  always 
be  discernible  in  a  single  small  exposure,  and  the  strike  of 
the  upper  formation  may  even  coincide  for  a  short  distance 
with  that  of  the  lower  series.    If,  however,  the  boundary 
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Fig.  182.    Diagram  to  illustrate  Unconformity. 

line  of  the  upper  series  is  followed  across  the  country,  the 
observer  will  soon  ascertain  whether  it  passes  across  the 
outcrops  of  some  of  the  members  of  the  lower  series,  as  it 
must  do  if  it  has  a  different  strike  and  dip. 

Fig.  182  is  intended  to  represent  a  geological  model  of  an 
area  where  two  formations,  separated  by  an  unconformity, 
are  dipping  in  the  same  direction,  but  with  a  different 
inclination. 

It  will  be  seen  that  though  for  a  short  distance  between 
A  and  B  the  boundary  of  the  upper  formation  is  nearly 
parallel  to  the  strike  of  the  lower  beds  s,  i,p,  yet  between 
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B  and  c  it  passes  obliquely  across  them,  and  is  really 
unconformable  to  them,  as  shown  by  the  profile  section, 
where  the  bed  c  c  rests  on  the  upturned  and  eroded  edges 
of  the  beds  o,  ^,  s,  t.  c  c  may  be  taten  to  represent  a 
coarse  sandstone,  and  a  b  c  will  indicate  its  line  of  outcrop. 
The  basement  beds  of  a  formation  which  rests  uncon- 
formably  upon  another  are  frequently  conglomerates  or 
pebbly  sandstones;  they  represent  the  beach  deposits 
which  were  formed  along  the  shore  lines  of  the  old  land, 
and  were  spread  out  over  its  surface  as  it  sank  beneath 
the  sea,  in  which  the  newer  overlying  strata  were  accumu- 
lated. It  must  not,  however,  be  supposed  that  an  uncon- 
formity is  everywhere  accompanied  by  pebble  beds ;  they 
will  generally  be  foimd  somewhere  along  the  boundary 
line  of  an  unconformable  series,  but  may  be  local  and 


Fi^.  183.    Overlap  and  Overstep, 
abcdey  Jurassic  Rocks.    12  3  4  5,  Cretaceous  Rocks. 

lenticular  beds,  just  as  the  shingle  beds  on  our  own  shores 
are  local  and  discontinuous  deposits ;  so  that  some  parts 
of  the  old  land  surface  may  not  have  any  such  coarse 
deposits  upon  them. 

Overlap  may  be  described  in  this  place,  because  the 
occurrence  of  overlap  is  dependant  on  the  existence  of  an 
unconformity.  The  term  itself,  however,  does  not  denote 
any  relation  of  a  newer  series  to  an  older,  but  applies 
merely  to  the  relative  extension  of  beds  in  a  conformable 
series.  Overlap  occurs  in  a  conformable  series  when  each 
succeeding  bed  stretches  beyond  the  limits  of  that  below 
it  in  one  or  more  directions,  so  as  to  have  a  wider  extension, 
and  to  conceal  the  edges  of  the  lower  beds. 

In  fig.  183,  it  will  be  seen  that  the  upper  series  of  beds, 
12  8  4  5,  have  a  continually  increasing  extension, 
2  extending  further  west  than  1,  8  further  than  2,  and  so 
on.  It  is  also  clearly  seen  that  the  overlapping  beds  are 
conformable  to  one  another,  though  unconformable  as  a 
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series  to  the  rocks  below.  Overlap  is  indeed  a  necessaiy 
consequence  of  the  underlying  surface  of  denudation  being 
an  inclined  plane  instead  of  a  horizontal  one,  consequently 
any  slope  in  an  area  of  subsidence  will  give  rise  to  the 
phenomena  of  overlap. 

Overstep  or  Transgression. — This  should  be  dis- 
tinguished from  overlap  because  it  is  a  relation  between 
two  rock-groups  which  are  in  unconformable  succession ; 
overlap  being  a  relation  between  two  groups  which  are 
in  conformable  succession.  Overstep  may  be  defined  as 
the  transgression  or  continuous  extension  of  a  single  bed, 
or  group  of  beds,  across  the  outcrops  of  an  older  series  of 
beds.  It  occurs  when  the  older  series  has  been  tilted,  so 
as. to  dip  steadily  in  one  direction  before  the  deposition  of 
the  newer  group.  It  is,  therefore,  a  case  of  unconformity, 
and  may  or  may  not  be  accompanied  by  overlap. 

Thus  in  fig.  183  the  upper  series  as  a  whole  oversteps 
successive  members  of  the  lower  series,  passing  over  the 
basset  surfaces  oie  d  ch,  bo  as  ultimately  to  rest  on  a. 
The  feet  of  overstep  is  perhaps  more  ckai-ly  seen  in  fig. 
182,  where  the  basement  bed  of  the  upper  series  passes 
across  or  oversteps  the  basset  surfaces  of  the  beds,  ts  p,ao 
as  to  rest  on  the  bed,  o.  In  this  case  there  is  no  overlap, 
while  in  fig.  183  the  upper  series  is  an  overlapping  one, 
and  the  student  will  see  the  difference  by  comparison* 
Overlap  is  a  relation  between  two  members  of  one  confor- 
mable series  or  system ;  overstepis  a  relation  between  the  base 
of  one  series,  and  two  or  more  members  of  an  older  series. 

Instances  of  Contemporaneous  Erosion. — ^The 
subaqueous  erosion  of  a  bed  can  only  be  effected  by  cur- 
rents, and  a  surface  which  displays  such  channels  and 
hollows  must  therefore  have  been  brought  within  the  in- 
fluence of  currents  which  only  act  powerfully  in  compara- 
tively shallow  water.  Erosion  of  this  kind  is  consequently 
an  indication  of  shallow  water. 

Trough-like  hoUows  are  sometimes  met  with  in  coal- 
mining, portions  of  the  coal-seams  having  been  removed 
and  the  spaces  filled  up  with  clay,  shale,  or  sandstone ;  the 
infilling  material  being  usually  the  same  as  that  which 
forms  the  roof  of  the  coal  elsewhere.  Mr.  Buddie  has 
described  an  instance  occurring  in  the  Forest  of  Dean* 
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wbere  the  miners  gave  the  name  of  the  horse  to  the  mate- 
rial which  thus  seemed  to  come  down  and  press  out  the 
coal.  This  trough  was  found  to  branch  when  traced  over 
a  considerable  area,  and  to  assume  all  the  appearance  of 
having  been  formed  by  a  little  stream  with  small  tribu- 
taries falling  into  it;  the  channels  of  the  stream  being 
afterwards  filled  up  by  the  subsequently  deposited  materials 
which  were  spread  over  the  whole  coal. 

In  other  parts  of  the  country,  similar  interruptions  to 
the  continuity  of  a  coal-seam  are  called  rack-fauUs,  though 
of  course  they  have  nothing  to  do  with  any  kind  of  fault 
in  the  geological  sense  of  the  term.  Fig.  184  represents  an 
instance  which  occurred  in  a  coal-seam  at  Goleorton,  Leices- 
tershire.^ It  is  part  of  a  channel  excavated  in  the  main 
coal,  c,  which  is  here  about  eight  feet  thick,  and  subse- 
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Fig.  184.  Rock  Fault,  or  Ck)ntemporaneoa8  Erosion  of  a  Coal-seam. 

c,  Main  coal,    s.  Sandstone. 
Length  of  section  about  15  yards. 

quently  filled  up  with  the  sandstone,  s.  The  component 
layers  of  the  sandstone  are  very  irregular  and  obliquely 
laminated,  another  result  of  current  action  (see  p.  384), 
which  is  of  course  very  likely  to  occur  in  cases  of  contem- 
poraneous erosion. 

Fig.  185  is  an  instance  observed  and  described  by  Mr.  J, 
Shipman,  near  Nottingham.^  It  will  be  noticed  that  the 
pebble-beds,  a,  have  been  eroded  into  hollows  and  ridges 
before  the  deposition  of  the  white  sands,  6,  which  are  ex- 
ceedingly variable  in  their  thickness,  because  they  rest  on 
this  uneven  surface  and  have  themselves  suffered  erosion 
before  or  during  the  deposition  of  the  conglomerate  which 
overlies  them.     This  conglomerate  passes  up  into  the  soft 

^  See  '*  Geology  of  the  Leicestershire  Coal-field,"  by  £.  Hull, 
p.  54. 

"  Quoted  by  Aveline^  **  Greology  of  the  Country  round  Notting- 
ham," p.  28. 
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place.  There  is  a  marked  plane  of  erosion  between  the 
two  series,  and  the  upper  one  has  a  layer  of  ironstone 
nodules  at  its  base  (see  fig.  186),  jet  the  general  strike  of 
the  beds  is  the  same,  and  there  is  no  proof  that  a  land 
surface  existed  in  the  interval. 

The  break  between  the  two  members  of  the  Cretaceous 
Efystem  known  as  the  Gkiult  and  the  Cambridge  Greensand 
is  another  instance.  This  almost  amounts  to  an  uncon- 
formity, for  it  extends  over  an  area  that  is  fifty  miles  in 
length,  and  the  Cambridge  Greensand  or  ''nodule-bed," 
which  rests  on  an  eroded  surface  of  the  Gkiult,  contains  the 
riddlings  of  beds,  which  are  about  100  feet  thick  in  Bucks ; 
still  there  is  no  difference  of  strike,  and  no  evidence  that 


Fig.  186.    Contemporaneous  Erosion  of  Northampton  Sands. 
a,  Northampton  Sands.  6,  Clays  of  the  Great  Oolite. 

the  surface  of  the  Gault  was  acted  on  by  any  other  agent 
than  marine  currents.  It  is  really  a  case  of  contempora* 
neous  erosion  on  a  large  scale,  for  we  know  that  what  hap- 
pened was  this ;  that  after  the  formation  of  the  Gault  and 
while  certain  beds  called  the  Upper  Greensand  were  being 
deposited  elsewhere,  the  area  now  covered  by  the  Cam- 
bridge Greensand  was  washed  by  a  strong  current  which 
destroyed  the  upper  part  of  the  Gault,  canying  away  the 
muddy  portion  and  leaving  only  the  sand  and  heavy 
nodules  or  "ooprolites"  to  form  a  basement  bed  to  the 
chalk  when  subsidence  diverted  the  current,  or  depressed 
the  sea-floor  below  the  limit  of  its  action. 

Instances  of  Unconformity. — 1.  South  of  Ireland, 
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— We  have  already  Iiad  occasion  to  mention  the  three  great 
groups  of  rock  wlucli  enter  into  the  structure  of  the  south 
of  Ireland  (see  p.  434),  viz.,  1,  the  Ordovician ;  2,  the  Old 
Bed  Sandstone ;  3,  the  Carboniferous  Limestone.  Between 
the  first  and  second  of  these  there  is  a  wide  unconformity ; 
but  the  third  is  always  conformable  to  the  second,  though 
it  often  overlaps  it,  in  consequence  of  the  small  area  within 
which  the  sandstone  was  deposited,  the  Carboniferous 
limestone  having  a  much  wider  extension. 

Fig.  187  is  a  diagrammatic  section  across  Freagh  Hill, 
a  few  miles  north  of  Thomastown,  in  the  county  of  Kil- 
kenny. The  Ordovician  rocks,  s  s,  were  disturbed  and  con- 
torted, upheaved  and  denuded,  and  lastly  a  level  surface 
of  planation  was  formed  across  their  edges  during  their 
depression  beneath  the  sea.  Upon  this  surface  the  Old 
Bed   Sandstone  was  unconformdbly  dex)08ited,  succeeded 


Fig.  187.    Section  through  Freagh  Hill  (after  Jukes). 

8,  Ordovician.    o  R  S,  Old  Red  Sandstone,    c,  Carboniferous 

Limestone. 

conformably  by  the  beds  of  the  Carboniferous  limestone. 
Subsequent  elevation  and  denudation  has  removed  all  the 
limestone  from  the  high  ground,  and  also  the  i^  sand- 
stone, except  one  or  two  patches  of  it,  which  now  form 
outliers,  and  has  thus  re-exposed  the  level  floor  of  the  older 
rocks  on  which  the  sandstones  were  deposited. 

The  boundaries  of  the  Carboniferous  limestone  and  Old 
Bed  Sandstone  may  be  followed  through  the  counties  of 
Kilkenny  and  Carlow,  affording  the  most  convincing  proof 
of  the  great  denudation  of  the  Ordovician  tract,  which  took 
place  prior  to  and  during  the  formation  of  the  Old  Bed 
Sandstone,  even  to  the  extent  of  laying  bare  the  granite 
which  lay  beneath  these  older  rocks.  The  continued  de- 
pression of  this  old  land  surface,  the  subsequent  overlap  of 
the  Carboniferous  limestone,  and  its  deposition  on  the 
bare  granite,  are  also  demonstrated  by  the  mapping  of 
county  Kilkenny. 
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"  Fig.  188  is  a  diagrammatic  section  taken  a  few  miles 
south  of  Thomastown,  where  the  ancient  denudation  had 
laid  bare  a  portion  of  the  granite  above  mentioned.^  The 
Ordovician  rocks  aire  traversed  by  granite  veins  in  this 
locality,  and  are,  near  the  granite,  altered  into  micaceous 
schist.  The  Old  Bed  Sandstone,  on  the  other  hand,  rests 
upon  the  granite  quite  undisturbedly ;  it  is  unaltered  by 
that  rock,  and  is  obviously  made  cluefly  of  granite  sand, 
containing  occasionally  some  granite  pebbles,  though  not 
so  many  of  those  as  fragments  of  the  slate  rocks,  when  it 
rests  upon  them.  The  granite  is  now  readily  decomposed 
and  easily  crumbles  into  sand,  and  did  so,  apparently, 
qidte  as  easily  at  the  time  the  Old  Bed  Sandstone  was 
deposited  upon  it." 

Further  north  in  coiuity  Carlow,  the  sandstone  gradu- 
ally thins  out  and  allows  the  limestone  to  rest  directly  on 


Fig.  188.    Section  near  Thomastown,  Kilkenny  (after  Jokes). 
G,  Granite,    s,  Ordovician.    o  R  s.  Old  Red  Sandstone. 

the  surface  of  the  granite.  The  beds  of  limestone  dip 
gently  from  the  granite,  but  are  not  altered  by  it,  and 
were  evidently  deposited  in  the  sea  upon  a  bare  floor  of 
granite,  just  as  beds  might  now  be  deposited  upon  it  if 
the  country  were  again  depressed  beneath  the  sea.' 

2.  Gloucegterahire. — The  relative  position  of  the  newer 
and  older  rocks  round  the  Bristol  coal-field  affords  another 
excellent  instance  of  unconformity.  The  older  series,  con- 
sisting of  the  Devonian  Bocks,  Carboniferous  limestone,  and 
Coal-measures,  are  thrown  into  a  broad  periclinal  basin, 
the  uppermost  series  of  coal-measures  lying  in  the  centre 
of  this  basin  (see  fig.  189)  ;  but  these  ol4er  rocks  are  im- 
conf ormably  overlaid  by  a  much  newer  series,  consisting  of 

'  The  relations  of  this  ^anite  to  the  surrounding  rocks  have 
been  described  in  Chapter  X. 

'*  Condensed  from  the  account  given  in  Jukes*  "Manual  of 
Geology." 
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red  sandstones  and  marls  (Trias),  dark  clays  (Lias),  and 
oolitic  limestone  (Inferior  Oolite),  which  lie  nearly  horizon- 
tally, and  are  spread  over  the  edges  of  the  carboniferous 
series,  so  as  to  conceal  their  outcrops  in  the  manner  indi* 
cated  in  fig.  189. 

The  figure  is  a  generalized  section  through  that  part  of 
the  coal-field  which  lies  to  the  N.E.  of  Bristol,  and  the 
faults  which  traverse  the  older  rocks  are  not  there  very 
numerous  or  important;  in  other  parts  of  the  district 
there  are  a  niimber  of  f  aiilts  which  break  the  continuity  of 
the  older  strata,  but  do  not  extend  through  the  newer 
rocks.  Hence  it  is  evident  that  the  older  series  had  been, 
bent  into  folds  and  basins,  fractured  by  faulting,  worn 
down  and  denuded  by  detritive  agencies,  and  finally  planed 
down  to  a  tolerably  level  surface  by  marine  erosion,  before 
the  deposition  of  the  newer  series  of  deposits. 


a        h  c  e  b  a 

Fig.  189.    Diagram  Section  across  the  Bristol  Coal-field. 

a,  Devonian  Rocks.  6,  Carboniferons  Limestone,   c.  Coal-measures. 

d,  Trias,    e.  Lias.   /,  Oolite. 

Comparative  Magnitude  of  Unconformities. — 

The  examples  given  in  figs.  187, 188,  and  189  are  cases  of 
very  strong  unconformities,  the  older  rocks  in  each  case 
having  been  greatly  disturbed  and  indurated  before  they 
were  covered  by  the  newer  series,  and  the  gap  between 
them  representing  a  long  period  of  time  during  which 
many  thousand  feet  of  strata  were  accumulated  in  other 
parts  of  the  British  region. 

The  case  illustrated  diagrammatically  in  fig.  183  is  an 
unconformity  of  much  less  magnitude ;  the  disturbance  of 
the  lower  series  was  not  great,  and  the  plane  of  erosion 
does  not  indicate  the  lapse  of  a  very  long  period.  The 
magnitude  of  the  break  is  of  course  greater  at  the  western 
than  at  the  eastern  end,  but  if  we  take  it  at  the  point 
above  the  letter  h  it  is  measurable  by  only  a  few  hundred 
feet  of  strata. 

The  reader  will  remember,  therefore,  that  the  strength 
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or  magnitude  of  an  unconformity  is  a  variable  quantity^ 
depending  on  the  amount  of  terrestrial  disturbance  and 
subaerial  erosion  which  took  place  in  the  interval  repre- 
sented by  the  physical  break.  This  is  indicated  by  the 
extent  to  which  the  older  rocks  were  tilted,  faulted,  flexed 
and  altered  before  they  were  covered  by  the  newer  strata* 
and  it  is  rneasured  by  the  thickness  of  the  deposits  which 
resulted  &om  their  erosion,  and  were  laid  down  in  neigh- 
Dounng  areas. 

Instances  of  Overlap. — ^An  excellent  instance  of 
overlap  is  to  be  found  in  the  south-west  of  England^ 
where  the  lower  members  of  the  Cretaceous  series  are 
successively  overlapped  by  the  upper  members,  as  traced 
from  east  to  west.  This  overlap  is  represented  dia* 
grammatically  in  fig.  188.  The  several  groups  of  which 
this  series  is  composed  in  the  Isle  of  Wight  have  already 
been  mentioned  (see  p.  420),  and  they  are  all  to  be 
found  near  Swanage,  on  the  coast  of  Dorset,  but  when 
traced  westward  through  this  coimty  by  means  of  the  sec- 
tions exposed  in  the  numerous  coves  described  on  p.  167, 
the  W^den  beds  become  thinner  and  thinner,  and  are 
ultimately  overlapped  by  the  Lower  greensand.  Further 
west  this,  in  its  turn,  disappears,  and  allows  the  attenuated 
representative  of  the  Oault  to  rest  directly  on  the  Lias 
days  below  near  Lyme  Begis.  Beyond  this  point  the  Gault 
itself  cannot  be  traced,  for  it  becomes  sandy,  and  is  indis* 
tinguishable  from  the  Upper  greensand  which  continues 
below  the  chalk  as  far  as  the  latter  is  traceable.  As 
already  stated,  the  overlapping  strata  in  this  instance 
also  overstep  successive  members  of  the  Jurassic  series  in 
consequence  of  their  dipping  in  the  same  direction.  The 
same  transgression  or  overstep  is  plainly  visible  on  a 
geological  map  of  Yorkshire,  where  the  chalk  passes  across 
the  basset  surfaces  of  several  members  of  the  Jurassic 
system. 

A  good  example  of  overlap  is  found  in  the  county  of 
Dublin,  and  has  been  fully  described  by  Professor  Jukes» 
from  whose  account  the  following  is  condensed.  The 
rock-groups  which  occur  in  this  county  may  be  grouped 
into  two  great  series — an  upper  and  a  lower, — the  granite 
being  included  with  the  latter,  because  it  was  intruded 
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into    those    rocks    before    the    deposition  of  the  upper 
series : — 

^Coal-measures, 


Lower   f  ^'^^^^'<^"'''^»         tt 
Q^«;^-  ^\  Cambrian,  upper 

^"«*-  I  Granite.  ^"«'- 


Carboniferous  lime- 
stone, 
Old  red  sandstone. 


If  the  reader  will  refer  to  sheets  102  and  112  of  the 
*•  Geological  Survey  of  Ireland,"  where  the  surface  expo- 
sures  of  the  different  rock-groups  are  indicated  by  different 
colours,  and  to  the  section,  fig.  190,  he  will  see  that  the  beds 
of  the  upper  series,  taken  as  a  whole,  rest  in  different 
places  on  different  parts  of  the  lower  series,  and  upon  the 
granite.  The  upper  rocks,  therefore,  are  completely  un- 
conformable to  the  lower.     These  lower  rocks  rise  to  the 


I 1   »  £.«fnc«fmc 

^9  M  C««'*M«ajiirts 


O,  (tranite.     c,  Cambrian.    S,  Ordovician. 
Fig.  190.     Diagram  section  across  County  Dublin. 

surface  in  four  separate  localities — 1,  in  the  hills  south  of 
Dublin ;  2,  at  the  hill  of  Howth ;  3,  on  the  coast  near  For- 
traine ;  4,  in  the  district  west  of  Skerries. 

The  next  thing  that  would  strike  us  is  that,  although 
there  are  so  many  miles  of  boundary  to  the  rocks  of  the 
upper  series,  yet  the  basement  beds  of  that  series — viz.,  the 
Old  Bed  Sar.dstone  and  the  limestone  shale — are  only  found 
at  one  locality,  and  that  near  the  centre  of  the  district 
(Portraine).  No  evidence  of  the  existence  of  these  base- 
ment beds  was  discovered,  either  along  the  southern  or  the 
northern  border  of  the  great  limestone  tract. 

All  these  facts  are  only  explicable  on  the  principle  of 
overlap  in  the  following  way: — Before  the  deposition  of  the 
upper  series,  the  lower  group  must  have  formed  an  exten- 
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give  area  of  dry  land,  with  a  widely  denuded  and  irregular 
surface,  as  suggested  in  fig.  190,  which  was  produced  in 
the  same  way  as  such  sui'faces  are  now  produced,  viz.,  by 
the  action  of  rain  and  rivers. 

Eventually  a  movement  of  depression  set  in,  and  this 
dry  land  was  gradually  submerged  beneath  the  neighbour- 
ing sea.  The  first  portion  of  the  area  which  was  brought 
below  the  level  of  the  water  was  the  part  about  Portraine 
(below  a,  in  fig.  190),  either  because  it  was  depressed  more 
rapidly,  or  because  it  was  lower  than  the  other  parts  of  the 
country.  Certain  beds  of  sand,  now  forming  the  Old  Bed 
Sandstone  of  that  locality,  were  accumulated  there,  and 
certain  beds  of  black  shale,  forming  the  Lower  Limestone 
shale,  were  deposited  over  them  as  the  depression  con- 
tinued. These  beds  did  not  extend  far  to  the  north  or 
south  of  that  locality,  simply  because  the  water  ended 
against  the  shore,  within  a  short  distance  of  it.  As  the 
lajid,  however,  continued  to  sink,  the  water  extended 
farther  and  farther  over  it ;  and  the  beds  deposited  in  that 
water  acquired,  in  like  manner,  a  wider  and  wider  exten- 
sion, and  altogether  overlapped  those  beneath  them,  as  re- 
presented in  fig.  190.  It  is  probable  that,  as  a  final  result, 
horizontal  beds  of  coal-measures  were  spread  over  the 
whole  area,  resting  upon  the  granite  of  the  Wicklow 
hills  on  the  south,  and  upon  the  hills  of  Meath  on  the 
north,  and  completely  concealing  aU  the  limestone  below. 
Patches  of  these  coal-measures  are  only  now  to  be  found  in 
the  northern  part  of  the  district,  having  been  removed  from 
all  other  parts  by  the  detrition  which  has  produced  the 
present  denuded  surface. 

After  all  the  beds  were  laid  down  in  the  manner  indi- 
cated, a  movement  of  elevation  took  place  with  its  con- 
comitant results  of  tilting,  contortion,  and  fracture.  The 
formation  of  a  second  land-surface,  with  its  resultant 
denudation,  brought  to  light  the  lower  beds  in  different 
places  according  to  circumstances,  and  re-exposed  portions 
of  that  still  older  land-surface  which  had  been  covered  up 
by  the  deposition  of  the  Carboniferous  rocks. 

It  is  not  always  that  the  fact  of  overlap  can  be  so  easily 
detected,  and  the  relative  age  and  superposition  of  the  over- 
lapping beds  so  easily  ascertained.    Let  us  suppose  that 
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circumstances  had  been  favourable  for  the  formation  of 
sandstones  over  the  whole  surface  of  the  sinking  land,  and 
not  only  at  one  localitj:  sand  and  shingle  beaches  might 
have  been  formed  continuously  along  the  sea  margin  as  the 
land  sank,  as  the  coasts  receded,  and  as  the  sea  graduallj 
spread  over  a  wider  area.  If  this  had  happened,  sand- 
stones and  conglomerates  would  be  found  resting  on  the 
old  rocks  imder  the  points  c,  d,  as  well  as  under  a,  thej 
would  pass  laterally  into  shale  and  limestone  in  the  manner 
indicated  previously  on  p.  381,  and  they  would  also  be  suc- 
ceeded vertically  by  shale  and  limestone  as  the  submergence 
became  deeper  and  deeper.  Such  cases  frequently  occur, 
and  are  liable  to  lead  the  observer  astray,  unless  he  bear 
in  mind  that  the  sandstones,  etc.,  which  might  exist  under 
the  points  c  and  d  would  not  be  continuous  and  coeval  with 
those  under  a,  but  were  contemporaneous  with  the  forma- 
tion of  pure  limestone  in  the  central  part  of  the  area.  The 
first-formed  beds  under  a  would  be  the  true  basement  beds 
of  the  series,  but  the  last-formed  beds  would  belong  to  the 
upper  portion  of  the  series,  and  would  have  to  be  considered 
as  part  of  the  coal-measures.  If,  however,  the  whole  series 
subsequently  came' to  be  elevated  again  into  land,  tilted, 
•contorted,  fractured,  and  denuded,  geologists  who  were  not 
on  their  guard  might  easily  suppose  a  succession  of  sand- 
stones, shales,  and  limestones  occurring  always  in  the  same 
order,  and  with  similar  characters,  and  belonging  certainly 
to  the  same  system  of  beds,  to  be  separate  successive  parts 
of  the  series. 

'  Practical  Importance  of  the  Subject. — ^The  phe- 
nomena of  Unconformity  and  Overlap,  and  the  conclusions 
to  which  they  lead  us,  have  their  practical  as  well  as  their 
theoretical  interest ;  and  the  whole  subject  ought  especially 
to  be  thoroughly  understood  by  those  who  are  engaged  in 
searching  for  minerals  which  occur  in  one  set  of  rocks,  and 
can  only  be  reached  by  boring  through  beds  belonging  to 
another  set.  The  success  of  such  borings  depends  in  many 
cases  upon  the  conformity  or  unconformity  of  the  two  sets 
of  rocks ;  and  the  probable  thickness  of  the  upper  set  may 
be  miscalculated  unless  the  possible  existence  of  overlap  is 
taken  into  account. 

Thus  in  county  Antrim,  where  the  Trias  or  New  Red 
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Sandstone  rests  on  the  Carboniferous  rocks,  there  has  long 
been  a  feeling  that  it  is  only  necessary  to  sink  through  the 
sandstones  in  order  to  find  the  coal-measures.  Since,  how- 
ever, the  one  lies  unconf ormably  upon  the  other,  it  follows 
that  though  in  one  localitj  the  Trias  may  rest  upon  coal- 
ineasures,  in  other  places  it  may  lie  upon  any  of  the  beds 
which  come  out  from  beneath  the  coal-measures ;  and  from 
the  structure  of  the  district  it  appears  that  the  chances  are 
something  like  twenty  to  one  against  the  coal-measures 
being  found  under  any  particular  spot  of  the  Trias. 

The  same  is  the  case  in  the  central  districts  of  England, 
where  the  Coal-measures  rest  unconformably  upon  Silurian 
rocks,  and  are  themselves  imconf  ormably  overlaid  by  newer 
deposits  of  sandstone  and  conglomerate.  Explorations  in 
search  of  coal  are  from  time  to  time  undertaken  in  this 
district,  and  it  is  of  the  highest  practical  importance  that 
the  explorers  should  have  a  complete  comprehension  of  the 
nature  of  these  discordances,  and  of  the  possible  conse- 
quences which  they  involve.  Such  knowledge  is  indeed 
absolutely  necessary  to  avoid  the  fruitless  expenditure  of 
large  sums  of  money.  Many  thousands  of  pounds  have 
been  thrown  away,  in  this  central  part  of  England  alone, 
in  abortive  attempts  to  discover  coal,  the  expenditure  of 
which  nothing  but  the  most  complete  ignorance  of  geology 
could  have  rendered  possible. 

Again,  in  the  Bristol  and  Somerset  coal-fields,  which 
are  so  largely  covered  by  newer  deposits  that  rest  uncon- 
formably upon  the  older  rocks,  although  coal  has  been 
worked  in  many  places  beneath  the  Triassic  sandstones,  it 
does  not  by  any  means  follow  that  coal-seams  wUl  always 
be  found  below  these  sandstones.  If  a  boring  were  made 
at  the  foot  of  the  Cotteswold  hills  in  the  expectation  of 
finding  coal,  the  undertaking  would  in  all  probability  prove 
fruitless ;  the  bore  would  pass  through  the  lias  clays  and 
Triassic  sandstones,  and  would  then  enter  either  the 
Carboniferous  limestone,  or  the  still  older  rocks  below  it,  as 
indicated  in  fig.  189. 

It  will  be  noticed,  however,  that  in  this  fig^ire  an  anti- 
clinal axis  is  represented  beneath  the  Cotteswold  hills ;  this 
is  hypothetical,  but  is  considered  to  be  a  very  probable  oc- 
currence, so  that  still  further  east  the  coal-measures  may 
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roll  in  again  and  form  another  basin  beneath  the  newer 
rocks.  As  a  matter  of  fact  the  coal-measures  have  been 
reached  at  a  depth  of  about  1,000  feet  below  the  surface  at 
Burf ord  in  Oxfordshire,  and  it  is  quite  possible  that  several 
such  buried  coal-fields  may  exist  under  the  country  between 
Bristol  and  London. 

Becent  borings  in  London,  and  at  other  places  in 
Middlesex  and  Hertfordshire,  have  shown  that  the  newer 
beds  (chalk,  etc.)  rest  unoonformablj  upon  a  broad  ridge 
of  older  rocks,  comprising  the  Silurian,  Devonian,  and 
Carboniferous  series,  which  appear  to  have  a  general  dip 
to  the  south,  and  that  by  this  southerly  dip  coal-measures 
which  overlie  the  carboniferous  limestone  may  be  brought 
in  to  the  south  of  London,  and  may  underlie  parts  of 
Surrey.  \  ^ 

The  considerations  above  mentioned  will  be  sufficient  to 
demonstrate  the  great  practical  importance  of  an  uncon* 
formity  between  two  senes  of  rocks. 


PART   IIL 
PHYSIOGBAPHIOAL    GEOLOGY. 

THE  first  chapter  of  this  book  treated  of  the  earth  as  a 
whole,  and  the  opinions  entertained  with  regard  to  the 
general  structure  of  its  mass  and  the  condition  of  its  in* 
terior  were  there  given.  In  the  chapters  of  Part  11.  the 
structure  and  arrangement  of  the  rock-masses  which  com- 

Sose  the  superficial  portion  of  the  earth's  crust  were 
escribed.  We  are  now  in  a  position  to  deal  with  the 
problems  of  Physiographical  Geology,  or  that  branch  of 
the  science  which  seeks  to  account  for  the  existence  of  the 
Taried  physical  features  of  the  earth's  surface,  and  to  ex- 
plain the  manner  in  which  hills  and  yalleys,  plains  and 
table-lands,  continents  and  mountain  chains,  have  been 
gradually  developed  by  the  operation  of  the  physical  forces 
which  act  within  or  upon  the  crust  of  the  earth. 
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CHAPTER  I. 

LAND-SCULPTirBB,    OB   THB    BYOLXmOK   OF   8UBFACB- 
FEATOBBS   BT   THB   PBOCBBS   OF   BB08I0N. 

IN  Part  I.,  Chapters  VI.,  VII.,  VIII.,  we  described  the 
action  of  the  various  agencies  which  are  continually  en- 
gaged in  the  work  of  erosion  and  denudation ;  but  their 
operations  were  treated  rather  from  a  detritive  point  of 
view,  as  resulting  in  the  collection  of  materials  for  the  for- 
mation of  new  rocks,  than  as  leading  to  the  production  of 
new  physical  features. 

It  is  clear,  however,  that  agencies  which  sweep  away  so 
much  rock  from  the  land  must  in  time  cause  very  great 
changes  in  its  physical  features  and  contours.  An  elevated 
table-land,  for  instance,  by  the  unequal  disintegration  of 
its  surface,  and  by  the  erosion  of  valleys  out  of  its  mass, 
may  gradually  be  converted  into  a  series  of  hill  ranges 
more  or  less  isolated  from  one  another.  Such  a  process  ia 
fitly  termed  LancUecutpture,  as  analogous  to  the  work  of 
a  sculptor,  who  carves  effigies  out  of  solid  blocks  of  stone. 

Many  persons  express  surprise  that  the  formation  of  such 
prominent  features  as  lofty  hills  and  profound  valleys 
should  be  attributed  to  such  comparatively  feeble  agencies 
as  those  above  mentioned ;  but  it  must  be  borne  in  mind 
that  we  are  naturally  apt  to  underrate  the  amount  of  work 
done  by  these  erosive  agencies,  because  we  see  that  in  any 
period  of  time  during  which  we  can  observe  their  action  the 
results  produced  are  very  small.  On  the  other  hand,  when 
we  look  at  the  magnitude  of  the  results  which  have  been 
produced  in  past  time,  we  are  liable  to  suppose  that  the 
agencies  whidi  have  operated  in  former  times  were  much 
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more  powerful  and  destructive  than  those  which  are  now  in 
action  around  us.  "  When,  however,  we  come  to  reason  on 
the  matter,  we  find  it  very  difficult  to  imagine  what  these 
agencies  coxdd  have  been  li  they  were  altogether  different 
from  *  existing  causes ' ;  and  equally  difficult  to  suppose 
that  existing  agencies  have  ever  acted  with  much  greater 
intensity  than  at  present,  nnless  we  assume  the  general 
physical  laws  of  the  world  to  have  been  different  from  what 
they  are  now  *'  (Jukes). 

We  shall  therefore  take  it  for  granted,  in  accordance  with 
the  tenets  of  the  Lyellian  philosophy,  that  all  the  geological 
phenomena  observable  among  stratified  rocks  are  due  to  the 
same  causes  as  those  now  acting  in  some  part  of  the  world» 
or  to  some  modification  and  combination  of  these  causes^ 
such  as  we  may  reasonably  suppose  to  have  occurred  in  the 
course  of  the  earth's  history. 

To  such  seemingly  insignificant  and  slowly  acting  causes^ 
operating  continually  through  long  periods  of  time,  must  be 
attributed  all  the  erosion  of  rock  which  gives  to  elevated 
land  its  cliffs  and  precipices,  its  hills  and  valleys,  and  all  the 
varied  features  of  the  earth's  surface. 

Share  taken  by  different  Agencies. — The  detritive 
and  erosive  agencies  ahready  described  may  be  grouped 
under  two  heads,  according  to  differences  in  their  mode  of 
operation,  and  in  the  results  of  their  action. 

1.  Marine  agencies,  which  act  along  the  margin  of  the 
land,  and  tend  to  produce  an  approximate  level  surface  or 
plain. 

2.  Subaerial  agencies,  which  act  over  the  whole  surface 
of  the  land,  and  tend  to  produce  a  system  of  valleys  and 
watersheds,  hollows  and  relative  eminences. 

Few  parts  of  the  sea-bottom  could  be  raised  into  dry 
land  without  passing  through  the  destructive  plane  of  the 
sea-level,  and  no  part  of  the  land  could  be  submerged 
without  passing  through  the  same  plane,  and  being 
exposed  for  a  shorter  or  longer  period  to  the  erosive 
action  of  the  waves.  These  agents  would  wear  down  the 
inequalities  of  its  surface  and  would  produce  an  inclined 
plane,  the  extent  and  inclination  of  which  would  depend 
on  the  slope  of  the  sinking  or  rising  land,  and  the  rate  at 
which  the  movement  took  place.    It  must  be  remembered^ 
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too,  that  a  tract  of  land  which  has  been  submerged  and  then 
upraised  must  have  been  twice  subjected  to  this  levelling 
process,  and  on  its  second  emergence  would  present  a  wide 
area  with  a  nearlj  level  or  sUghtlj  undulating  sur^tce. 
Such  an  area  has  been  termed  a  plain  of  marine  erosion^  but 
would  perhaps  be  more  apilj  called  a  vmface  of  pkmaiion. 
When  once  any  such  tract  had  beeu  brought  idmost  up  to 
the  sea-level,  only  a  very  slight  further  uplift  would  be  re* 
quired  to  raise  a  large  area  of  it  through  that  level,  and 
cause  it  to  become  dry  land,  so  that  there  would  be  no  time 
or  opportunity  for  the  formation  of  cliffs.  Slight  irregu- 
larities there  doubtless  would  be,  and  indeed  it  must  be 
understood  that  the  words  plain  and  planation  are  used  in 
a  general  sense  to  convey  the  idea  of  a  surface  where  the 
yertical  height  of  any  inequality  is  small  as  compared  with 
the  horizontal  extent  of  the  area. 

As  soon  as  this  surface  produced  by  marine  erosion  is 
elevated  into  dry  land,  it  is  subjected  to  the  detritive 
action  of  the  subaerial  agencies  already  described,  and  is 
ultimately  carved  out  into  new  forms  of  hill  and  valley. 
In  the  present  chapter  we  propose  to  describe  the  manner 
in  which  these  features  are  developed.  Regarded  as  eorrO' 
denit,  or  agents  of  land-sculpture,  the  subaerial  agencies  act 
in  two  different  ways ;  the  atmospheric  agencies,  rain,  frost, 
sun,  and  wind,  act  generally  upon  rock-surfaces,  wearing 
away  some  parts  faster  than  others,  and  so  developing 
those  which  best  resist  their  action  into  ridges  and 
eminences.  Bunning  water,  on  the  other  hand,  acts  along 
certain  lines,  and  excavates  channels  into  which  rain  carries 
the  material  worn  from  the  wasting  surfaces.  The  original 
course  of  these  channels  is  determined  partly  by  the  slope 
of  the  surface  over  which  the  water  commenced  to  run,  and 
partly  by  other  conditions  to  be  mentioned  presently. 

Formation  of  Valley  Systems. — ^llie  manner  in 
which  rills  of  water  tend  to  unite  and  form  a  connected 
series  or  river  system  which  impresses  itself  on  the  surface 
of  the  country  as  a  valley-system,  is  well  exemplified  by 
the  drainage  of  a  sand  or  mud-flat  at  low  tide,  which  has 
been  graphically  described  as  follows :  ^  "If  we  watch  the 

^  Jukes,  "  Manual  of  Geology,*'  second  edition,  p.  lOo. 
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tide  receding  from  a  flat  muddj  coast,  we  see  that  the  mud 
flat,  even  where  no  fresh  water  drains  over  it  from  the 
land,  is  frequently  traversed  by  a  number  of  little  branch- 
ing systems  of  channels,  opening  one  into  the  other,  and 
tending  to  one  general  embouchure  on  the  margin  of  the 
mud  flat,  at  low-water  mark.  The  surface  of  the  mud  is 
not  a  geometrical  plane,  but  slightly  undulating ;  and  the 
sea,  as  it  recedes,  carries  off  some  of  the  lighter  and  looser 
surface-matter  &om  some  parts,  thus  making  additional 
hollows,  and  forming  and  giving  directions  to  currents^ 
which  acquire  more  and  more  force,  and  are  drawn  into 
narrower  limits  as  the  water  falls.  Deeper  channels  are 
thus  eroded,  and  canals  supplied  for  the  drainage  of  the 
whole  surface.  First  two,  and  then  more,  of  these  little 
systems  of  drainage  unite,  until  at  dead  low-water  we  often 
have  the  miniature  representation  of  the  river  system  of  a 
great  continent  (wanting,  of  course,  the  mountain  chains) 
produced  before  our  eyes  in  the  course  of  a  single  tide,  in 
the  very  manner  and  by  the  very  agent  by  which  all  river 
systems  on  all  islands  and  continents  have  been  produced. 
The  difference  between  them  is  this  only,  that  our  islands 
and  continents  are  now.  above  the  sea,  not  in  consequence 
of  the  gradual  fall  of  the  water,  but  in  consequence  of  the 
gradual  rise  of  the  land." 

A  land  surface  does  not  of  course  exactly  correspond 
with  the  conditions  of  a  sand-flat,  it  does  not  generally 
consist  of  one  kind  of  material,  and  it  does  not  always 
slope  steadily  in  one  direction ;  there  is  usually  some  main 
lidge  or  water-shed  from  which  the  water  is  thrown  off  in 
different  directions.  Let  us  suppose  a  land  commencing  to 
rise  above  the  sea,  the  ridge  of  what  may  eventuaUy  be- 
come a  range  of  mountains  being  the  first  part  to  become 
dry  land.  As  soon  as  this  tract  of  dry  land  is  established 
above  the  reach  of  the  waves,  rain  and  rivers  commence 
their  work  of  erosion  and  excavation,  beginning  first  upon 
the  ridge,  and  extending  to  each  piece  of  lower  ground  aa 
it  is  laid  dry.  It  is  easy  to  see  that  the  first  rain  streams 
formed  on  the  rising  ridge  would  run  directly  off  down  the 
slopes  from  the  crest  into  the  sea.  These  would  begin  to 
form  the  transverse  valleys  of  the  rauge.  As  soon  as  they 
became  a  little  deep,  other  small  streams  would  flow  into 
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them  from  their  sides ;  and  these,  acting  on  any  softer  ot 
more  easily  destructible  bands  of  rock,  would  b^^  to  ex- 
cavate tributary  valleys  which  would  extend  themselves 
laterally  on  either  side  of  the  primary  or  transverse  valley, 
and  would  receive  the  drainage  of  a  certain  section  of 
the  region.  As  the  land  rose  on  each  side  of  the  ridge, 
the  streams  would  extend  their  channels  over  it,  and  some 
would  run  together  and  form  rivers. 

If  the  rainfall  was  everywhere  the  same,  if  the  region 
consisted  of  only  one  kind  of  rock,  and  if  this  rock  was 
composed  of  a  succession  of  horizontal  beds,  the  resulting 
system  of  rivers  and  watersheds  would  be  very  symmetrical ; 
but  since  most  countries  consist  of  many  different  kinds  of 
rocks,  the  beds  of  which  are  tilted  in  different  directions^ 
and  the  rainfall  varies  at  different  places,  it  follows  that 
some  streams  are  aUe  to  work  more  rapidly  than  others, 
and  so  the  relative  areas  of  the  drainage  basins  come  to  be 
very  unequal. 

Conditions  which  determine  the  Position  of 
Hills  and  Valleys. — The  initial  courses  of  the  streams, 
and  the  general  contour  of  the  ground,  will  depend  on  the 
following  circumstances : — 

1.  The  original  slope  of  the  surface. 

2.  The  disposition  and  lie  of  the  stratified  beds. 

3.  The  relative  resistant  power  of  the  rocks,  depending 
partly  on  their  hardness,  and  partly  on  their  cnemic^ 
composition. 

4.  The  presence  or  absence  of  igneous  rocks. 

5.  The  direction  of  any  strong  divisional  planes,  such  as 
those  of  bedding,  jointing,  cleavage,  or  faults. 

Of  these  conditions,  the  second  is  perhaps  the  most  im- 
portant, so  much  depending  upon  whether  the  beds  are 
horizontal,  inclined,  or  curved,  tinai  it  will  be  instructive  to 
consider  each  of  these  three  cases  separately. 

A.  Erosion  of  HorizontcU  Strata. — The  simplest  case  which 
can  be  imagined  is  that  of  the  elevation  of  broad  and  level 
tracts  of  country,  in  which  the  strata  are  for  the  most  part 
nearly  horizontal.  In  such  a  case  the  greater  part  of  the 
surface  would  be  occupied  by  one  or  two  kinds  of  rock,  and 
the  resultant  features  would  depend  chiefly  upon  the 
manner  in  which  these  crumbled  down  under  the  action 
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ol  orosiTe  agencies.  Fig.  191  illustrates  the  forms  into 
which  horizontal  strata  of  sandstone,  shale,  and  limestone 
maj  be  carved.  The  sandstone  which  formed  the  original 
suiface,  B  p,  has  been  cut  through,  and  portions  only  are 
left  to  form  the  flat-topped  ridges  which  separate  the 
valleys.  These  valleys  will  be  wide,  with  long  gentle  slopes 
where  the  sides  consist  of  clay,  but  will  have  a  narrow 
gorge  or  canon  at  the  bottom,  if  the  stream  has  trenched 
the  underlying  limestone. 

Such  cases  are  rare  in  Europe,  but  excellent  instances 
are  to  be  found  in  eastern  Egypt  and  in  the  western  and 
central  parts  of  North  America.  The  forms  produced  by 
the  action  of  rain  and  wind  upon  the  horizontal  strata  of 
these  regions,  and  the  excavation  of  profound  ravines  or 
canons  by  the  rivers  which  traverse  them,  have  already 


Fig.  191.    EroBion  of  horizontal  Beds, 
a,  Limestone.      6,  Shale,      c,  Sandstone. 

been  described ;  but  the  combined  effect  of  all  the  different 
detritive  and  erosive  agents  in  Colorado  and  Utah  is  to 
produce  an  amount  of  sculpturing  and  a  diversity  of  out- 
line which  is  truly  wonderful.  Dr.  Q^ikie  has  given  an 
excellent  picture  of  the  peculiar  scenery  of  the  Uinta 
Mountains  in  the  following  terms :  ^ — 

**  The  world  can  show  few  more  impressive  memorials  of 
the  efficacy  of  subaerial  erosion  than  the  Uinta  Mountains* 
There  are  no  structureless  crvstalline  rocks  here  to  deceive 
us  with  their  ruggedness.  Wherever  the  eye  turns  it  detects 
the  same  long  lines  of  horizontal  stratification  that  serve 
as  a  base  from  which  the  reality  and  amount  of  the  erosion 
may  be  measured. . .  .  Originally  the  rocks  stretched  in  an 
unbroken  sheet  across  the  mountains ;  but  in  the  course  of 
ages  this  continuous  mantle  has  been  enormously  eroded. 
Deep  and  wide  valleys,  vast  amphitheatres,  lofty  terraced 

>  **  Geological  Sketches,"  Maomillan,  1882,  p.  229. 
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alcoves,  and  profound  gorges,  fretted  with  an  infinite  arraj 
of  peaks,  buttresses,  pinnacles,  columns,  obelisks,  and  end- 
less forms  which  defy  the  observer  to  find  properlj  descrip- 
tive names  for  them,  have  gradually  been  carved  out  of 
these  rocks.  To  gain  such  a  vivid  impression  of  the  im- 
portanice  of  subaerial  waste  in  the  evolution  of  mountain 
forms  was  worth  all  the  long  journey  in  itself."  Views 
and  descriptions  of  this  scenery  will  be  found  in  Captain 
Button's  "  History  of  the  Ganon  Begion  of  Colorado  "  (U.S. 
Survey  Monograph). 

B.  IJroeion  of  Inclined  Straia, — Next  let  us  suppose  the 
case  of  a  slightly  inclined  area  of  planation,  consisting  of 
different  strata  dipping  constantly  in  one  direction,  so  that 
their  outcropping  edges  form  broad  bands  stretching  across 
the  surface.  In  this  case  the  surface  features  developed 
by  denudation  will  depend  upon  the  comparative  destructi- 
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Fig.  ld2L    Erofiion  of  inclined  Strata. 


bility  of  the  different  rocks.  Where  hard  and  soft  beds 
alternate  with  one  another,  as  so  frequently  happens,  the 
softer  bands  will  be  worn  awaj  more  rapidly  than  the 
harder,  and  the  surface  will  be  sculptured  into  a  series  of 
alternate  ridges  and  hollows,  with  long  gentle  slopes  in 
the  direction  of  the  dip,  and  steeper  slopes  across  the  out- 
crop of  the  hard  beds.  These  steep  slopes  are  called  esca/rp^ 
mmls,  and  their  general  direction  coincides  with  that  of  the 
strike.  In  fig.  192,  s  p  is  the  original  surface  of  planation, 
ah  c  are  beds  of  hard  rock,  and  a  b  c  are  the  escarpments 
gradually  developed  by  the  detrition  of  the  strata,  xy  z. 
The  broken  lines  show  the  original  prolongation  of  the  beds, 
and  the  extent  to  which  the  escarpments  have  receded. 

It  sometimes  happens  that  the  sloping  upper  surface  of 
a  hard,  durable  bed  is  completely  denuded  of  its  covering 
by  the  atmospheric  agencies,  so  that  the  slope  of  the  ground 
<3oincides  for  some  distance  with  the  sloping  surface  of  the 
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inclined  stratum  (see  fig.  192).  Such  a  surface  is  called  a 
dip  elopef  while  the  opposite  slope  may  be  termed  the  scarp 
slope. 

The  way  in  which  these  peculiar  and  characteristic 
features  are  developed,  appears  to  be  as  follows: — The 
first  lines  of  drainage  established  on  the  area  of  planation 
would  form  transverse  valleys  across  the  slope,  from  s  to 
p,  with  longitudinal  tributaries  along  the  strike  of  the 
beds.  The  transverse  streams- would  cut  through  hard 
and  soft  beds  alike,  down  to  a  certain  base  level  of  erosion, 
and  the  depth  of  their  valleys  in  the  soft  beds  would  neces- 
sarily depend  on  the  depth  of  the  ravines  which  they  could 
excavate  through  the  hard  beds.  Bain  falling  on  the  tracts 
of  ground  that  lie  between  these  transverse  valleys  will 
develop  the  outcrops  of  the  hard  beds  into  banks  or  ridges 
by  washing  away  the  softer  strata  on  each  side.  The  ridges 
so  developed  will  form  the  natural  limits  or  watersheds 
between  the  longitudinal  valleys,  and  as  the  streams 
deepen  these  valleys  the  height  of  the  ridges  or  escarpments 
will  be  increased. 

^  The  channels  of  the  longitudinal  streams  could  not, 
however,  be  deepened  below  the  level  of  the  point  where 
they  join  the  main  river ;  each  tributary,  therefore,  will 
have  its  base  line  of  erosion  limited  by  the  depth  of  the 
main  valley,  and  when  the  limit  of  vertical  erosion  has 
been  reached,  the  stream  will  be  chiefly  occupied  in  carry- 
ing off  the  material  washed  into  it  by  the  rain,  and  the 
whole  process  of  valley  and  scarp-maUng  will  come  to  a 
standstill. 

In  the  first  instance,  there  might  have  been  many  streams 
running  either  directly  or  obliquely  across  the  beds  which 
subsequentlv  became  escarpments,  while  the  lateral  tribu- 
taries may  have  been  small  and  short ;  but  as  the  ridges 
developed  themselves  and  the  interspaces  were  lowered  by 
detrition  some  of  the  obliquely  crossing  streams  would  be 
diverted  into  the  lateral  tributaries  of  the  more  powerful 
transverse  streams. 

The  long  slope  behind  each  escarpment  is  the  result  of 
the  original  tendency  of  the  water  to  run  in  that  direction 
till  checked  by  the  rise  of  the  opposite  scarp-slope;  thus  the 
rivulets  flowing  in  the  direction  of  the  dip  will  generally  be 
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that  the  escarpments  intersected  at  the  points  ▲  b  c  must 
have  started  from  the  lines  intersected  at  e  f  a,  and  have 
receded  to  their  present  positions.  This  recession  will  go 
on  as  long  as  the  valleys  are  being  deepened,  but  will  not 
be  continued  indefinitely. 

The  outline  of  the  edge  or  border  of  the  escarpment  de- 
pends partly  upon  the  relative  share  taken  by  the  agencies 
above  mentioned,  and  partly  on  the  inclination  of  the  strata 
by  which  it  is  formed.  Sometimes  an  escarpment  forms  a 
continuous  and  uninterrupted  ridge,  running  in  a  nearly 
straight  line  for  a  considerable  distance ;  sometimes  its 
edge  is  furrowed  by  watercourses,  and  hollowed  out  into  a 
succession  of  deep  embayments,  with  intervening  spurs 
and  promontories  that  form  more  or  less  isolated  lulls. 
The  sinuosity  of  its  outline  generally  depends  upon  the 
presence  or  absence  of  strong  springs,  and  the  IocaI  land- 
slips to  which  they  give  rise. 

This  difference  is  well  illustrated  by  the  two  great  escarp- 
ments which  run  through  Lincolnshire.  Oi  these,  the 
more  westerly  is  known  as  the  "  Lincolnshire  diff,"  and 
forms  a  remarkably  straight  ridge,  running  nearly  due 
north  and  south  from  Lincoln  to  the  Humber,  with  very 
few  sinuosities,  and  with  little  variation  in  height.  This 
ridge  is  formed  by  the  outcrop  of  the  upper  part  of  the 
series  of  clays  and  marlstones  called  the  Lias,  capped  by 
the  lower  beds  of  the  Lincolnshire  limestone ;  the  easterly 
dip  of  the  beds,  and  the  slight  thickness  of  the  limestone 
along  the  top  of  the  ridge,  prevent  the  existence  of  strong 
or  numerous  spring  along  its  western  slope.  The  easterly 
escarpment  is  that  of  the  Chalk  Wolds,  which  runs  in  an 
irregular  line  from  S.E.  to  N.W.,  and  consists  of  (1)  a 
series  of  stiff  clays  and  ironstones,  succeeded  by  (2)  coarse 
sand-rock  and  (3)  red  and  grey  chalk.  The  dip  is  very 
slight,  and  the  thickness  of  chalk  is  considerable,  so  that 
strong  springs  are  thrown  out  sometimes  at  the  base  of 
the  chalk,  sometimes  at  the  base  of  the  sand.  The  action 
of  these  springs  has  produced  beautiful  little  hollows  and 
recesses  in  the  face  of  the  scarp,  some  of  which  have  been 
widened  and  extended  into  valleys  by  the  rain-water  drain- 
ing into  them  from  the  higher  ground.  The  edge  of  the 
Wold  escarpment  has  consequently  acquired  a  most  irre- 
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gular  and  diversified  outline,  which  forms  a  remarkable 
contrast  to  that  of  the  "  Lincohishire  cliff." 

c.  Erosion  of  Curved  Beds. — We  have  next  to  consider 
the  case  of  an  area  of  curved  or  undulating  beds,  and  the 
influence  which  such  curvature  exercises  upon  the  develop* 
ment  of  its  physical  features. 

Let  the  fig.  194  represent  a  section  through  such  an  area» 
and  let  us  suppose  the  rocks  to  consist  of  shales  and  sand- 
stones overlying  limestones,  and  thrown  into  anticlinal  and 
synclinal  curves.  The  features  usually  presented  by  the 
detrition  and  sculpture  of  such  an  area  are  those  indi- 
cated in  the  figure,  namely,  a  series  of  alternate  ridges  and 
valleys,  with  nearly  equal  slopes.  Usually,  moreover,  they 
have  this  peculiarity,  that  the  valleys  coincide  with  the 
anticlinals,  and  the  hills  Mrith  the  synclinals,  so  that  the 
stratigraphical  troughs  become  orographical  ridges,  and 
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Fig.  194.    Erosion  of  curved  Beds. 

p,  Surface  of  planation.    A  B,  Valleys  coinciding  with  anti- 

clinals. 

viet  versa,  which  is  the  opposite  of  what  might,  at  first 
sight,  be  deemed  probable.  This  arrangement,  however, 
is  the  natural  result  of  the  structural  peculiarities  im- 
parted to  the  rocks  by  curvature,  and  the  consequent  in- 
crease or  decrease  of  their  liability  to  mechanical  erosion. 
Where  the  strata  have  been  bent  into  broad  anticlinals* 
their  coherence  is  weakened,  because  they  have  been  sub- 
jected to  tension ;  while  in  the  synclinals,  they  have  been 
subjected  to  compression,  and  consequently  their  coherence 
is  increased.  Lastly,  where  they  have  been  thrown  into 
sharp  curves  and  contortions,  they  have  generally  been 
more  or  less  compacted  and  indurated. 

Thus,  when  the  first  stream  courses  were  established  over 
such  an  area,  the  main  rivers  would  flow  from  s  towards  p» 
and  the  compacted  rocks  near  8  would  remain  as  high 
ground.    Of  the  tributary  streams,  running  more  or  lesa 
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along  the  strike  of  the  beds,  some  would  flow  along  the 
anticlinal  axes,  and  some  perhaps  along  the  synclinal  axes ; 
let  us  consider  which  of  these  would  be  likelj  to  excayate 
the  deepest  channels.  It  must  be  remembered  (see  p.  166) 
that  where  rocks  are  freelj  jointed  thej  yield  more  easOy 
along  these  planes  than  along  those  of  bedding.  Now  the 
principal  efEect  of  tension  on  the  rocks  of  the  anticlinals 
would  be  to  open  the  lines  of  jointing ;  consequently,  as  the 
stream  undermined  the  bases  of  the  blocks,  they  would  slip 
down  on  both  sides  along  the  joint  planes,  and  falling  into 
the  stream  would  be  broken  up  and  carried  away.  In 
the  synclinals,  on  the  other  hand,  the  effect  of  com- 
pression would  be  to  close  up  the  joints ;  and,  moreover, 
these  planes  beini?  mostly  vertical  to  the  ertratification, 
would^iBdine  Z.J  fronf  ihe  banks  of  ihe  stream,  »o 
that  the  beds  would  not  be  so  liable  to  slip  down. 

The  drainage,  therefore,  will  eventually  be  directed  into 
the  deeper  channels  running  along  the  anticlinal  axes,  and 
the  widening  of  these  valleys  by  pluvial  action  will  leave 
the  synclinal  axes  to  form  ridges  and  ranges  of  hills.  By 
a  similar  process  of  circumdetrition  a  perielinal  basin  wiU 
become  an  isolated  hill. 

Influence  of  relative  resistant  Power. — ^The  rela- 
tion above  described  as  ordinarily  subsisting  between  the 
flexures  of  the  strata  and  the  sur^ce  features  of  the  ground 
holds  good  only  when  the  rocks  which  formed  the  original 
sur&.ce  of  planation  did  not  differ  very  greatly  in  their  re« 
distant  power.  If,  however,  some  of  them  possessed  greater 
inherent  powers  of  resisting  disintegration  and  detrition 
than  their  neighbours,  the  latter  will  be  worn  away,  and 
the  former  will  remain  as  hills,  whether  this  result  is  or  is 
not  favoured  by  the  general  arrangement  of  the.  flexures. 
The  whole  process,  in  fact,  is  one  of  natural  selection,  and 
the  development  of  surface  inequalities  out  of  any  tract  of 
<:ountry  may  be  described  as  the  result  of  selective  and 
differential  erosion,  the  power  of  the  destructive  agents 
being  directed  and  modified  by  the  capacity  of  the  different 
rocks  to  resist  them, — the  softer  and  weaker  portions  of  the 
surface  being  continually  attacked  and  destroyed,  while 
the  harder  and  more  durable  portions  survive  the  detrition 
and  maintain  their  position  for  a  longer  period  of  ttode. 
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The  law  of  the  sarviyal  of  the  strongest  and  fittest  holds 
good,  therefore,  in  physiography  as  well  as  in  biology,  in 
the  deyelopment  of  mountains  as  well  as  in  the  development 
of  ^)ecies. 

Masses  of  hard  crystalline  rock,  whether  igneous  or 
metamorphic,  always  form  high  grotind,  chiefly  because  the 
interlocking  crystals  of  which  they  consist  are  less  easily 
separated  from  one  another  by  mechanical  agencies  than 
the  particles  of  more  loosely  compacted  rocks.  Bosses  of 
intrusiye  igneous  rock  like  Mynydd  Mawr  (fig.  158),  and 
interbedded  sheets  of  felstone  like  those  of  Snowdon,  Aran, 
and  Arenig  (p.  498),  are  illustrations  of  this  law,  as  are  also 
the  Malvem  Hills,  composed  of  gneissic  rocks,  and  the 
Wrekin  in  Shropshire,  composed  of  several  crystalline  rock- 
masses.  Even  moderately  hard  limestones  form  ridges  and 
escarpments  when  associated  with  clays,  shales,  and  sand- 
stones. It  is  entirely  a  question  of  relative  durability 
or  capacity  of  resisting  the  action  of  rain  and  atmospheric 
agencies. 

Many  instances  of  the  coincidences  of  the  hill-ranges 
with  anticlinal  axes,  when  these  are  formed  of  hard  arena- 
ceous rocks,  are  to  be  found  in  the  south  of  Ireland :  the 
Commeragh,  Knockmealdown,  Oaltee,  and  Macgillicuddy 
ranges,  and  the  higher  mountains  of  Kerry,  Cork,  and 
Waterford  generally.^  In  these  counties  the  hills  are 
formed  of  anticlinal  folds  of  red  sandstones  and  slates, 
while  the  valleys  lie  in  the  synclinal  curves. 

In  these  and  other  cases  the  valleys  coincide  with  syn- 
clinal axes,  because  these  are  occupied  with  beds,  such  as 
shales  and  limestones,  which  yield  more  easily  to  chemical 
disintegration  or  mechanical  erosion  than  the  rocks  of  the 
anticlinal  folds.  In  Cork  and  Waterford  the  limestones  have 
been  worn  away,  in  spite  of  their  hardness,  because  they 
have  less  resistant  power  than  the  hard  and  compact  sand- 
stones which  form  the  anticlinal  ridges ;  for  the  limestones 
yield  to  chemical  action,  and  their  material  is  removed  in 
solution  as  well  as  in  suspension. 

,  Other  cases  where  valleys  coincide  with  synclines  may 
have  arisen  from  the  fact  that  on  the  original  Buriac^  of 

^  See  "  Explanations  of  the  Sheets  of  the  Geol.  Survey  of 
Ireland." 
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planation  the  synclinal  axes  were  occupied  bj  shales  or 
limestones,  and  the  yallejs  excavated  along  these  axes  maj 
sometimes  have  still  been  maintained  as  lines  of  drainage 
after  the  removal  of  all  the  shale  or  limestone. 

Transferred  Drainage. — ^There  are  cases  where  it  is 
unnecessary  to  assume  the  previous  existence  of  a  plane  of 
marine  denudation  in  order  to  account  for  anomalies  in  the 
present  system  of  drainage.  The  channels  of  the  rivers  and 
streams  may  have  been  originally  established  on  the  sur&ce 
of  some  formation  which  has  since  been  entirely  or  almost 
entirely  removed  from  the  area  in  question.  Suppose,  for 
instance,  that  a  large  area  of  flexed  and  folded  rocks  of 
various  kinds  is  unconformably  covered  by  a  newer  series, 
of  which  the  highest  member  is  a  clay  formation,  as  in  fig. 
195.  If  such  an  area  be  raised  and  remain  for  a  long  time 
as  a  land  surface,  the  system  of  drainage  formed  on  the 


Fig.  195.    A  transferred  Drainage  System. 

surface  a  b  may  be  in  time  so  deeply  trenched  that  it  sinks 
into  the  surface  of  the  older  rocks,  while  the  newer  series  is 
reduced  to  the  condition  of  isolated  patches.  So  long 
as  the  general  surface  of  the  older  series,  c  d,  is  protected 
by  the  coyer,  the  riyer-courses  will  be  engrayed  on  it  with- 
out  reference  to  the  relative  hardness  or  the  stratigraphical 
arrangement  of  the  rocks  composing  it.  In  this  way  a 
river  system  may  be  trwnsf erred  from  the  surface  of  one 
formation  to  that  of  another,  and  will  be  engraved  on  the 
latter  in  a  manner  which  would  be  very  difficult  to  under* 
stand  if  we  did  not  replace  in  imagination  the  strata  that 
formed  the  surface  on  which  it  was  first  established. 

The  valley  of  the  Bristol  Avon  mav  be  explained  in  this 
way,  the  course  of  the  deep  trench  which  it  has  cut  in  the 
Carboniferous  rocks,  and  which  forms  the  picturesque 
gorge  of  the  Avon,  having  been  established  in  the  Creta- 
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ceous  and  Jurassic  strata  which  formerly  extended  over  the 
whole  district.  It  is  probable  indeed  that  the  whole  drain- 
age system  of  the  west  of  England  and  Wales  was  first  im- 
pressed on  rocks  of  Secondary  age,  and  that  it  has  gradually 
sunk  into  the  surface  of  the  older  rocks  as  these  were  laid 
bare  by  the  long  continued  action  of  subaerial  agencies.  A 
similar  explanation  of  the  drainage  system  of  the  Lake  Dis* 
trict  has  recently  been  given  by  Mr.  J.  E.  Marr/  and  the 
process  has  been  described  by  American  geologists,  who 
speak  of  such  a  drainage  system  as  "  consequent,**  in  anti>> 
thesis  to  one  which  is  of  svbsequent  formation. 

Connection  of  Valleys  with  Lines  of  Fault. — 
Since  the  process  of  earth-sculpture  is  one  of  selective  ero- 
sion, and  the  detritive  agents  always  seize  upon  lines  of  in- 
herent weakness,  it  is  not  surprising  that  valleys  should 
sometimes  coincide  with  lines  of  fault.  So,  also,  among 
rocks  which  are  weU  jointed,  like  limestones,  valleys  often 
coincide  with  the  direction  of  the  master-joints.  The 
streams  descending  from  the  original  watershed  will  natu. 
rally  follow  the  lines  of  least  resistance,  and  therefore  the 
direction  of  transverse  valleys  may  sometimes  be  determined 
by  master-joints  or  by  lines  of  fault.  Similarly,  in  dis- 
tricts where  there  is  no  very  great  difference  in  the  com- 
parative destructibility  of  the  rocks,  the  course  of  the 
tributary  valleys  may  be  glided  by  any  lines  of  weakness 
which  exist. 

It  is  quite  a  mistake,  however,  to  imagine  that  faults  gave 
rise  to  gaping  fissures  which  were  subsequently  widened 
into  valleys  by  the  action  of  streams,  or  to  suppose  that 
most  valleys  have  been  originated  by  faults  be(»iuse  some 
happen  to  coincide  with  such  lines  of  fissure.  Faults  only 
produce  a  definite  feature  at  the  surface  of  the  ground, 
when  they  bring  yielding  and  durable  rocks  into  apposi- 
tion ;  such  a  feature  is  due  to  what  may  be  called  diffe- 
rential detrition,  and  is  not  produced  by  the  throw  of  the 
fault ;  a  valley  may  or  may  not  coincide  with  a  fault  tmder 
such  circumstances,  but  if  it  should  do  so,  its  direction  has 
been  determined  by  the  presence  of  the  yielding  rock,  and 
not  directly  by  the  ^ne  of  fault.    Even  if  mural  features 

»  «•  Geol.  Mag.,"  Dec  3,  vqL  vL  p.  isa 
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were  produced  at  the  time  of  faulting,  thej  would  in  most 
climates  be  rapidly  worn  down  and  destroyed,  except  under 
the  conditions  above  mentioned. 

The  inlets  of  a  rocky  coast  are  often  due  to  the  presence 
of  such  fissures,  whether  faults  or  joint-planes,  along  which 
the  waves  have  worked  their  way  more  rapidly  than  else- 
where (see  p.  166),  but  no  one  supposes  that  the  width  of 
the  inlets  bears  any  relation  to  the  space  between  the  walls 
of  the  fault  or  joint,  or  that  all  inlets  have  been  formed  in 
this  manner  because  a  few  owe  their  origin  to  such  lines 
of  weakness.  The  relative  destructibility  of  the  rocks,  and 
the  disposition  of  the  strata,  are  far  more  important  and 
more  general  causes  of  differential  erosion  and  consequently 
of  the  formation  of  valleys. 

Breaching  of  Escarpments  and  Hill  Ranges  by 
Rivers. — It  is  a  remarkable  fact,  of  which  England 
furnishes  many  examples,  that  rivers  sometimes  continue 
a  direct  course  through  a  line  of  escarpment,  when  we 
should  have  expected  tiiem  to  have  been  deflected  either  to 
one  side  or  the  other  along  the  base  of  the  escarpment.  In 
other  cases,  a  river,  after  running  for  many  miles  along  a 
well-marked  valley,  suddenly  turns  at  right  angles  and 
passes  by  a  deep  and  narrow  ravine  through  one  of  the 
bounding  ranges  of  hills.  After  the  descriptions  given  of 
the  manner  in  which  parallel  ranges  of  hills  and  valleys 
have  been  produced,  the  origin  of  these  gaps  or  ravines 
through  hills  and  escarpments  will  be  easily  understood ; 
the  simple  fact  being  that  the  hills  or  escarpments  did  not 
exist  when  the  river,  which  now  flows  through  them,  first 
began  to  excavate  its  channel.  The  course  of  the  primary 
transverse  river  was  determined  by  the  slope  of  the  original 
sur&u^e  of  planation,  and  it  has  continued  to  occupy  the 
same  channel  during  the  whole  process  of  erosion  by 
which  the  longitudinal  valleys  were  formed  and  the  ridges 
developed. 

This  explanation  was  first  proposed  by  Mr.  Jukes  to 
^account  for  the  courses  of  some  of  the  rivers  in  the  south 
of  Ireland,  and  the  following  is  condensed  from  his  de- 
scription of  the  valley  of  the  Blackwater,  which  he  selected 
as  an  illustration.  "The  parts  of  the  counties  of  Cork  and 
Waterford  which  are  here  adjacent  to  each  other  consist  of 
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a  number  of  alternate  ridges  and  yallejs,  which  run  with 
great  regularity  almost  exactly  east  and  west  for  fiftj  or 
sixtr  miles.  The  hills  are  formed  of  anticlinal  folds  of  red 
sandstones  and  slates,  while  the  yallejs  are  occupied  bj 
synclinal  curves  of  thick  grey  limestone.  The  loftiest  hills 
of  the  district  are  the  Knockmealdown  mountains,  which 
rise  to  2,600  feet  above  the  sea.  The  lower  parallel  range 
on  the  south  is  known  as  the  Drum  ridge,  and  between 
these  two  ranges  lies  the  limestone  valley  of  Lismore, 
which  forms  a  well-marked  trough,  both  externally  and 
internally.  It  runs  in  from  Dungarvan  Bay  to  Fermoy,  a 
distance  of  forty  miles,  and  a  road  might  be  taken  the 
whole  of  that  distance  without  ever  passing  over  ground 
much  more  than  100  feet  above  the  sea. 

"  The  Blackwater  river,  rising  in  Keiry,  runs  for  fifty 
miles  down  to  Fermoy,  and  continues  in  the  same  straight 
line  down  the  Lismore  valley  for  about  twenty  miles 
farther,  to  the  little  town  of  Cappoquin. 

"  There,  however,  the  river  suddenly  turns  at  right  angles 
to  its  former  course,  and  instead  of  following  the  regular 
east  and  west  valley,  which  continues  straight  out  to  the 
sea  at  Dungarvan  Bay,  it  cuts  through  the  high  land  of 
the  Drum  ridges  due  south  to  Youghal  Bay,  which  is, 
moreover,  five  miles  farther  from  Cappoquin  than  Dun- 
garvan Bay.  Why  does  it  take  this  extraordinary  course  ? 
Because  just  to  the  northward  of  the  bend  are  the  Knock- 
mealdown mountains,  and  the  original  river  ran  due  south 
from  near  their  summits  down  the  slope  of  the  original 
surface  towards  the  sea.  This  little  transverse  river  would 
be  likely  to  receive  a  large  rainfall,  and  would  certainly 
have  the  most  rapid  course ;  it  would,  therefore,  be  able  to 
keep  open  its  original  channel  through  the  sandstone  ridge 
wlme  the  surface  of  the  limestone  districts  was  sinking 
into  longitudinal  valleys,  and  the  tributary  streams  were 
gradually  increasing  in  length.  It  is  evident  that  to  what- 
ever extent  these  longitudinal  valleys  might  proceed,  their 
streams  could  never  cross  the  original  transverse  valley 
formed  by  the  primary  river.  The  Blackwater,  as  it  is 
Ikbove  Cappoquin,  is  one  of  these  tributaries,  but  it  has 
never  crossed  the  primary  river  so  as  to  continue  down  the 
remainder  of  the  longitudinal  valley  to  Dungarvan  Bay, 
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and  could  never  do  so  unless  something  happened  to  cut  a 
channel  lower  down  that  remaining  part  of  the  TaUey 
deeper  than  the  channel  already  cut  to  Youghal  Bay." 

In  this,  and  other  cases,  the  primary  or  transverse  valleys 
are  due,  in  the  first  instance,  to  the  comparative  steepness 
of  the  slope  of  the  original  flanks  of  the  mountain  range, 
giving  an  impetus  to  the  streams,  so  that  channels  would 
be  worn  directly  across  all  the  bands  of  rock  that  run 
parallel  to  the  length  of  the  range,  independently  of  their 
hardness  or  softness. 

No  stream  could  cut  its  channel  in  any  soft  band  in  the 
higher  part  of  its  course  below  the  level  of  the  channel  in 
the  next  hard  band  of  the  lower  part  of  its  course.  Its 
channel,  however,  would  naturally  be  more  narrow,  and  its 
sides  more  steep  and  precipitous,  in  the  parts  where  it  cut 
across  a  hard  band  than  where  it  traversed  a  soft  one. 
Moreover,  the  longitudinal  valleys,  originating  in  these 
soft  or  easily  destructible  bands,  would  be  wider  and  more 
regular  than  the  transverse  valleys,  and  if  a  soft  band  was 
very  wide,  and  continued  for  many  miles  along  the  length 
of  the  chain,  it  is  quite  possible  that  the  longitudinal  valley 
formed  in  it,  although  originally  a  mere  tributaiy  to  the 
transverse  valley,  might  ultimately  be  worn  back  along  the 
soft  band,  so  as  to  be  not  only  wider  but  far  longer  than 
the  upper  part  of  the  primary  valley  which  lies  above  the 
junction  of  the  two.  The  river  in  such  a  longitudinal  valley 
would  be  likely  to  bring  a  greater  volume  of  water  to  the 
point  of  junction  than  the  stream  in  the  transverse  valley 
itself  might  bring.  In  such  cases  the  stream  running' 
down  this  longitudinal  valley  would  be  very  likely  to  be 
considered  the  main  stream,  although  it  was  originally  a 
mere  tributary  of  the  transverse  valley. 

The  Wealden  area  of  Kent  and  Sussex  furnishes  another 
excellent  illustration.  The  structure  of  this  district  is  that 
of  a  broad  anticlinal  curve,  the  arch  of  which  has  been 
destroyed  and  carried  away  by  erosion,  so  that  the  central 
area  now  consists  of  a  ridge  surrounded  by  tracts  of  low 
ground  which  are  bordered  on  the  north,  west,  and  south 
by  double  escarpments  of  chalk  and  greensand.  Eastward, 
however,  there  is  no  barrier,  and  the  coast  between  £ast« 
bourne  and  Folkestone  is  low  and  flat,  so  that  we  should 
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naturallj  expect  to  find  the  chief  rivers  running  eastward 
•and  having  their  outlets  along  this  coast.  But  instead  of 
this  being  the  case,  the  principal  rivers  rise  in  the  central 
watershed,  and  flow  north  and  south,  escaping  to  the  sea 
through  narrow  valleys  which  breach  the  great  chalk 
escarpments  known  as  the  North  and  South  Downs.  The 
student  should  not  fail  to  inspect  the  geological  model  of 
the  Weald  exhibited  in  the  Museum  of  Practical  Geology 
(Jermyn  Street). 

The  only  explanation  of  these  facts  is  a  repetition  of 
that  already  given :  marine  erosion  first  produced  a  surface 
of  planation  across  the  whole  district  while  it  was  being 
slowly  elevated,  so  that  this  original  surface  sloped  gently 
from  a  central  line  towards  the  north  and  south.  The 
primary  streams  naturally  followed  these  slopes  from  the 
central  watershed,  cutting  across  soft  and  hard  beds  alike, 
and  forming  the  transverse  valleys.  Their  tributaries  formed 
longitudinsJ  valleys  opening  into  these  transverse  channels, 
and  the  streams  have  never  departed  from  the  courses 
thus  established  upon  the  original  surface.  Thus,  through- 
out the  whole  process  of  subsequent  erosion  and  denuda- 
tion, the  Medway,  the  Mole,  and  the  Wey  have  gradually 
excavated  and  kept  open  the  transverse  passages  through 
the  North  Downs;  while  the  Arun,  the  Adur,  and  the 
Ouse  have  in  the  same  way  formed  the  valleys  which 
traverse  the  South  Downs. 


CHAPTER  n. 

THS  IirVLUENCB   OF   EABTH-MOTEMBNTS  ON   THS 
PBOGES8E8   OF   EB08I0N. 

IT  has  been  stated  (p.  105)  that  the  general  result  of  the 
action  of  the  subaerial  agencies  of  erosion  is  to  break 
up  and  remove  the  materials  of  the  land,  the  rain  washing 
the  resulting  detritus  into  the  streams  and  the  streams 
carrying  it  by  stages  into  the  sea.  Meantime  the  sea  is  con- 
tinuallj  attacking  the  more  exposed  parts  of  every  coast* 
line,  and  is  slowly  reducing  the  area  of  every  country  and 
island  which  it  borders  or  surrounds. 

It  is  clear,  therefore,  that  if  there  were  no  counteracting 
influences,  if  the  relative  level  of  land  and  sea  had  never 
been  altered,  and  if  the  continents  of  the  primeval  world 
had  remained  fixed  and  stationary,  they  would  long  ago 
have  been  reduced  to  the  state  of  shoals  in  a  universal 
ocean,  and  surrounded  with  the  products  of  their  own 
degradation. 

It  is  the  instability  of  the  earth's  crust,  resulting  in  all 
probability  from  the  existence  of  a  liquid  substratum,  that 
has  prevented  this  consummation:  the  forces  developed 
beneath  the  crust,  by  continually  raising  some  portions  of 
the  crust  and  allowing  others  to  subside,  have  main- 
tained sC  certain  equilibrium  between  the  elevations  and 
depressions  of  the  earth's  surface,  and  have  constantly 
provided  fresh  surfaces  for  the  detritive  agencies  to  act 
upon. 

It  is  obvious,  therefore,  that  the  power  of  the  several 
agents  of  erosion  must  be  greatly  influenced  and  modified 
by  the  movements  of  the  earth's  crust.    Portions  of  the 
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surface  must  sometimes  be  transferred  from  the  sphere 
of  one  set  of  agencies  into  that  of  another  set;  agents 
which  had  gradually  ceased  to  be  operatiye  must  some- 
times be  given  fresh  scope  of  action ;  in  other  cases  the 
power  of  agents  in  full  operation  must  be  gradually  re^ 
duced,  and  when  depression  is  carried  so  far  as  to  sink  a 
land  surface  deep  beneath  the  sea,  it  is  removed  for  a  time 
from  the  action  of  all  destructive  agencies.  As  a  rule,  we 
may  regard  upheaval  as  tending  to  accelerate  and  intensify 
the  power  of  such  agencies,  and  subsidence  as  tending  to 
diminish  their  power  and  to  conserve  the  surfaces  pre- 
viously produced  by  allowing  them  to  be  buried  under 
fresh  deposits* 

The  influence  of  earth-moveraents  in  relation  to  the 
agencies  of  erosion  is  so  important  a  factor  in  the  produc- 
tion of  the  surface  features  of  the  earth,  that  it  merits 
more  definite  and  detailed  treatment  than  has  hitherto 
been  accorded  to  it  in  text-books.  No  explanation  of  th» 
physical  features  attributable  to  denudation  and  erosion 
can  be  regarded  as  complete  unless  this  relation  between 
the  surface  and  subterranean  forces  be  taken  into  con- 
sideration, and  we  propose  to  show  its  importance  by 
specially  indicating  the  effects  of  earth-movements  on  each 
of  the  three  chief  classes  of  erosive  agents. 

Influence  on  Atmospheric  Agencies. — Most,  if 
not  all  the  atmospheric  agencies  act  with  greater  intensity 
at  high  altitudes  above  the  sea.  It  is  chiefly  at  such  alti- 
tudes that  great  and  rapid  variations  of  temperature  occur ; 
and  in  all  temperate  and  tropical  climes  it  is  only  on  the 
mountains  and  high  plateaux  that  the  action  of  frost  has 
much  power,  while  in  every  clime  rain,  snow,  and  wind  are 
most  prevalent  where  the  ground  rises  into  hills  and 
mountains. 

It  becomes  evident,  therefore,  that  the  upheaval  of  a 
region  will  intensify  the  action  of  all  these  atmospheric 
agencies  and  accelerate  the  rapidity  with  which  they  do 
their  work  of  disintegration.  As  the  land  rises  too,  a 
larger  and  larger  area  will  be  brought  into  the  sphere  of 
their  operations. 

Subsidence,  on  the  other  hand,  will  have  just  a  contrary 
effect ;  it  will  bring  portions  of  the  hills  and  mountains 
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below  the  leyel  at  which  such  agencies  are  speciallj  active  > 
it  will  generallj  diminiBh  the  total  amount  of  rainfall,  and 
will  allow  a  thicker  and  more  protective  vegetation  to  spread 
up  the  mountain  slopes. 

Influence  on  Fiuviatile  Agencies. — The  effect  of 
earth-movements  in  accelerating  or  retarding  the  erosive 
power  of  streams  is  verj  great.  This  will  be  the  more 
apparent  if  we  first  consider  the  extent  to  which  vaUey 
erosion  can  be  carried  in  a  stationary  area.  Let  us  assume 
a  newly  raised  tract  of  country  with  a  central  plateau  or 
tract  of  hilly  ground  from  which  many  streams  carry  off 
the  rainfall,  and  unite  to  form  several  rivers  which  run  in 
different  directions  towards  and  into  the  sea.  Each  stream 
and  river  will  continue  to  deepen  the  channel  it  selects 
until  the  incUnation  of  its  bed  throughout  its  whole  course 
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Fig.  196.    Diagram  of  a  Cun-e  of  Erosion. 
A  B,  The  slope  of  the  river  channel,    s  s,  Sea-level. 

is  so  lowered  that  the  current,  even  after  heavy  rains, 
ceases  to  have  any  power  of  vertical  erosion. 

The  slope  of  the  channel  will  not  be  uniform,  because 
the  power  of  erosion  depends  on  the  velocity  of  the  current, 
and  this  velocity  is  a  product  of  the  volume  of  water,  and 
the  declivity  of  the  watercourse.  Now  every  tributary  in- 
creases the  volume  of  the  stream,  and  enables  it  to  main- 
tain a  given  velocity  on  a  more  gentle  slope  than  before. 
Conversely,  in  ascending  a  river  the  slope  of  the  channel 
may  he  greater  above  the  junction  of  each  tributary  with- 
out increasing  the  velocity  of  the  stream  because  the 
volume  of  water  is  less;  in  other  words,  the  limit  of 
erosion  or  corrasion  may  be  reached  on  a  steeper  slope  for 
everv  decrease  in  the  total  volume  of  the  stream.  Hence 
the  slope  to  which  every  stream  tends  to  reduce  its  channel 
approaches  the  form  of  a  parabolic  curve,  the  inclination 
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of  which  is  constaiitlj  increasing  toward  the  source  of  the 
stream. 

The  regularity  of  this  curve  is  of  course  afEected  by  many 
natural  conditions,  especially  by  the  difierent  resisting- 
power  of  the  rocks  over  which  the  water  runs,  but  if  it 
traversed  only  one  kind  of  rock,  and  the  tributaries  were 
nearly  equidistant,  there  would  be  a  near  approach  to  a 
regular  curve. 

If  we  regard  a  river  as  consisting  of  as  many  lengths  or 
sections  as  there  are  important  tributaries,  we  may  con- 
sider the  volume  of  water  passing  through  each  section 
when  the  stream  is  full  to  be  a  certain  average  quantity, 
and  the  slope  to  which  the  current  is  reducing  (or  has  re- 
duced) its  channel  in  that  section  to  be  an  approximately 
straight  line  with  a  continuous  fall  of  so  many  feet  or 
inches  per  mile.  This  slope  has  been  called  by  Professor 
Powell  the  hose  level  of  eroeion,^  but  as  it  is  not  a  level,  the 
base  line  of  erosion  is  a  better  term,  and  the  curve  produced 
by  the  combination  of  the  several  lengths  or  sections  may 
be  called  the  curve  of  erosion  (see  fig.  196). 

We  see,  therefore,  that  if  a  region  remain  stationary  for 
a  sufficient  length  of  time,  the  streams  will  reach  a  limit  in 
the  work  of  erosion,  and  though  extraordinary  floods  may 
occasionally  enable  them  to  continue  the  work,  the  ordinary 
full  stream  will  have  ceased  to  deepen  the  channel  through 
which  it  flows.  Its  force  will  be  expended  partly  in  the 
transport  of  detritus,  and  partly  in  the  work  of  lateral 
erosion. 

Let  us  now  consider  the  effect  which  a  movement  of  up- 
heaval will  have  on  such  a  region.  It  is  not  difficult  to 
perceive  that  its  general  effect  will  be  to  accelerate  all  pro- 
cesses of  erosion,  if  only  because  it  will,  as  a  rule,  increase 
the  rainfall  on  the  watersheds,  and  by  increasing  the 
volume  of  water  in  the  streams  will  thereby  give  them  a 
greater  velocity  and  power  of  erosion.  Apart  from  this, 
however,  the  upheaval  may  increase  not  only  the  absolute 
height  of  the  land,  but  the  declivity  or  proportional  slope 
measured  in  feet  per  mile  between  a  given  watershed  and 
the  sea ;  and  wherever  the  declivity  is  increased  the  streams 

»  "  Exploration  of  the  Colorado  River,  1875,"  p.  203. 
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-will  regain  their  power  of  vertical  erosion.  This  result, 
howeyer,  must  depend  on  the  local  slopes  of  the  tract  of 
land  which  has  been  added  to  the  country  bj  upheaval. 

Let  us  suppose  that  the  movement  has  been  fairly  rapid, 
and  that  a  tract  of  varying  width  has  been  added  to  the 
former  coast-line:  in  some  places  this  tract  may  be  so 
broad  and  flat  that  its  general  inclination  is  only  equal  to, 
or  perhaps  less,  than  the  slope  of  the  previously  formed 
valleys ;  the  river  channels  will  then  simply  be  continued 
across  it,  and  the  curve  of  erosion  will  only  be  prolonged 
without  being  otherwise  altered.  In  other  parts  of  the 
region,  however,  the  slope  of  the  newly-added  tract  may  be 
greater  than  of  the  valleys  which  open  on  to  it,  and  in  this 
case  the  streams  occupying  those  valleys  will  recover  their 
excavating  power,  and  will  readjust  the  slope  of  their 
channels  to  a  deeper  curve  of  erosion.     This  process  will 


Fig.  197.     £ifect  of  Upheaval  on  Valley  Erosion. 

take  place  by  degrees,  rapids  will  be  formed  at  the  old 
mouth  of  the  valleT,  and  if  the  rocks  are  of  unequal  hard- 
ness,  it  is  probable  that  a  succession  of  rapids  will  even- 
tually be  produced,  the  site  of  each  graduaily  retiring  up 
the  river  and  up  its  tributaries  till  every  part  of  the  valley 
system  has  been  cut  down  to  a  lower  base-line. 

The  diagram  (fig.  197)  will  assist  the  reader  to  under- 
stand the  final  result  of  this  action,  as  viewed  along  the 
line  of  the  main  stream  or  river.  In  this  the  line  a  6  re« 
presents  the  slope  of  a  watercourse  or  river-channel  when 
the  sea-level  coincided  with  the  line  «\  and  the  coast  was 
at  the  point  h.  If  now  the  country  was  raised  till  the  sea- 
level  came  to  correspond  with  the  lower  line  «*,  and  the 
slope  of  the  newly  formed  land  was  represented  by  the 
line  h  8\  the  stream  would  immediately  begin  to  deepen  its 
channel  at  b  and  along  the  slope  h  8*.  This  erosion  would 
be  carried  back  along  the  whole  length  6i  the  valley  until 
the  stream  had  completely  accommodated  itself  to  the 
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altered  conditions,  and  had  deepened  its  channel  by  an 
amount  proportional  to  the  increased  height  between  s^ 
and  8^.  The  amount  of  rock  which  might  be  removed 
along  the  bottom  of  the  valley  is  indicated  bj  the  black 
part  of  fig.  197. 

If  instead  of  being  raised  the  region  we  have  imagined 
were  depressed,  so  that  a  portion  of  it  sank  below  the  level 
of  the  sea,  the  ends  of  the  valleys  in  this  portion  would 
be  submerged  and  converted  into  tidal  estuaries,  and  would 
be  partly  filled  with  estuarine  deposits ;  while  even  above 
the  tidal  influence  the  velocity  of  the  streams  would  be 
lessened  and  erosion  checked.  If  subsidence  also  diminished 
the  amount  of  the  rainfall  on  the  watersheds,  the  velocity 
of  the  streams  would  be  still  further  decreased,  and  they 
would  begin  to  deposit  their  detritus  sooner  than  they  had 
previously  done;  flood  plains  and  alluvial  levels  would 
consequently  be  formed  throughout  the  lower  parts  of  the 
valleys.  It  may  is.  fact  be  stated  as  a  general  rule  that 
wherever  we  find  an  alluvial  level  by  the  side  of  a  stream^ 
we  may  be  sure  that  the  stream  is  not  now  deepening  that 
port  of  its  valley,  but  has  reached  the  local  base-line  of 
erosion. 

As  nearly  all  rivers  flow  over  rocks  of  different  hardness 
and  cut  their  way  back  by  a  series  of  rapids  and  waterfalls, 
it  has  been  suggested  that  the  position  of  falls  and  rapids 
is  a  guide  to  the  age  of  the  river,^  its  age  being  great  in 
proportion  as  these  are  near  to  the  sources  of  the  river. 
With  certain  limitations  and  exceptions  this  is  doubtless 
correct ;  but,  as  we  have  seen,  an  upheaval  of  the  sea-board 
may  cause  a  new  set  of  rapids  to  be  developed :  while, 
therefore,  the  presence  of  rapids  in  the  lower  part  of  a  river- 
course  does  not  prove  the  valley  to  be  of  late  origin,  their 
limitation  to  the  higher  parts  of  the  tributary  streams  is 
certainly  an  indication  of  the  ancient  establishment  of  the 
drainage  system. 

It  should  also  be  noticed  in  passing  that  the  lowering  of 
the  water-level  of  a  large  lake  will  have  the  same  effect  on 
the  streams  running  into  it  as  the  lifting  of  a  whole 
country  has  on  the  streams  running  into  the  sea. 

*  "Quart  Journ.  Geol.  Soc.,"  vol.  xxxv.  p.  116. 
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From  the  above  considerations  it  is  evident  that  the  in* 
fluence  which  movements  of  subsidence  or  upheaval  exer- 
cise upon  the  power  of  rivers  to  erode  their  channels  is 
most  important,  and  the  author  believes  that  it  is  mainly 
because  the  advocates  of  river-erosion  have  neglected  to 
insist  upon  this  point  that  many  persons  have  been  unable 
to  see  the  cogency  of  their  arguments,  or  to  believe  that 
rivers  have  had  any  share  in  the  excavation  of  their  Talleys..^ 
It  is  said  by  these  sceptics  that  the  rivers  are  not  now 
deepening  the  valleys  in  which  they  run,  and,  therefore, 
that  the  valleys  cannot  have  been  made  by  the  rivers; 
some  have  answered  this  by  supposing  that  the  volume  of 
water  in  the  rivers  was  much  greater  formerly  than  it  ia 
now,  but  the  real  answer  is  that  these  streams  have  reached 
their  base-lines  of  erosion,  and  consequently  that  observa- 
tions on  their  present  action  will  not  enable  us  to  realize 
how  they  have  excavated  the  valleys  in  which  they  flow. 
This  seems  to  be  the  case  with  many  of  the  large  European 
rivers,  especially  the  Rhine  and  Moselle,  whose  valleys 
were  described  on  p.  147. 

The  southern  part  of  England  is  another  region  where 
the  valleys  are  not  now  being  deepened.  At  no  remote 
period  of  geological  time  the  whole  of  the  British  Islands 
stood  at  a  much  higher  level  than  they  do  now,  and  during 
this  time  erosion  was  very  active,  and  the  whole  valley 
system  of  the  country  was  gradually  elaborated.  After 
this  period  came  a  succession  of  movements  the  details  of 
which  are  not  yet  fully  known,  but  it  is  fairly  certain  that 
the  last  movement  was  a  tilt  from  north  to  south,  causing 
a  slight  elevation  of  Scotland  and  a  depression  of  southern 
England,  which  finally  became  severed  from  the  continent. 
The  result  of  this  differential  movement  was  to  check  the 
velocity  of  the  English  streams,  and  to  cause  the  forma- 
tion of  those  alluvial  levels  or  water-meadows  which  are 
such  a  characteristic  feature  in  the  valleys  of  southern  and 
central  England.  The  north  of  England  experienced  little 
change  of  level,  but  in  Scotland  the  rivers  have  cut 
channels  through  the  old  alluvia  and  estuarine  deposits, 
and  are  probably  still  in  many  places  deepening  the  upper 
parts  of  their  valleys  among  the  hills  and  moimtains. 

We  have  hitherto  assumed  that  the  only  movement 
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capable  of  modifying  erosive  agencies  was  one  which 
changed  the  level  of  the  whole  country  in  relation  to  that 
of  the  sea ;  but  on  a  large  continent  local  inland  districts 
may  be  affected  by  earth-movements,  and  within  a  single 
system  of  drainage  a  tract  of  country  may  be  raised  or 
lowered  without  any  alteration  of  level  occurring  on  the 
«ea-board.  Lateral  pressure  or  volcanic  action  may  come 
into  play  after  the  establishment  of  a  valley-system.  It 
may  cause  the  upward  bulging  of  certain  portions  of  the 
surface  over  which  the  streams  are  running,  but  if  the  up- 
ward movement  is  sufficiently  gradual,  and  the  main  river 
has  sufficient  velocity,  this  river  may  cut  its  way  down 
through  the  rising  tract  without  altering  its  course,  and 
«o  long  as  the  main  stream  maintains  its  original  channel, 
«o  long  will  all  its  tributaries  continue  in  theirs.  The  re- 
sult will  be  the  formation  of  deep  gorges  or  cafions,  the 
great  depth  of  which  is  due  to  the  local  upward  movement 
of  the  ground ;  that  is  to  say,  the  river  has  acted  as  a  fixed 
saw  moving  along  one  plane,  while  the  rocks  through 
which  it  has  cut  its  channel  have  been  pushed  upwiurd 
from  below. 

This  is  believed  to  be  the  explanation  of  the  great  canons 
•of  the  Colorado  and  the  G-reen  rivers.  It  was  stated  on 
p.  148  that  the  Green  river  traverses  the  Uinta  moun- 
tains ;  these  mountains  are  formed  by  a  single  broad 
anticlinal  fold,  exposing  a  thickness  of  24,000  feet  of  rock. 
In  the  northern  canons  the  beds  dip  to  the  north,  and  the 
river,  following  a  serpentine  course,  eventually  reaches  the 
axis  of  the  range,  along  which  it  runs  in  a  wide  and  open 
valley  for  a  distance  of  thirty  miles;  then  it  suddenly  turns 
to  the  south  and  traverses  the  southern  flank  of  the  great 
fold  in  another  series  of  caftons.  The  American  geologists 
believe  that  the  course  of  the  river  was  established  before 
the  uplift,  when  the  rocks  were  nearly  horizontal,  and  that 
the  elevation  of  the  fold  was  so  slow  that  it  did  not  divert 
the  river  from  its  original  course.  Professor  Powell's 
words  are :  "  We  may  say,  then,  that  the  river  did  not  cut 
its  way  down  through  the  mountains  from  a  height  of 
many  thousand  feet  above  its  present  site,  but  having  an 
elevation  differing  but  little  perhaps  from  what  it  now  has, 
4is  the  fold  was  lifted  it  cleared  away  the  obstruction  by 
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cutting  a  cai^on,  and  the  walls  were  thus  elevated  on  either 
side.  The  river  preserved  its  level,  but  the  mountains  were 
lifted  up ;  as  the  saw  revolves  on  a  fixed  pivot  while  the 
log  through  which  it  cuts  is  moved  along." 

In  the  same  way,  although  the  beds  seen  in  the  cafions 
of  the  Colorado  are  generally  horizontal,  these  cafions  are 
not  cut  through  one  great  unbroken  plateau,  but  through 
a  series  of  plateaux  or  great  geographic  tables  and  terraces 
separated  by  faults  or  monoclinal  folds.  The  Kaibab 
plateau  (see  fig.  427)  is  one  of  these  tabular  elevations ; 
and  Professor  Powell  sums  up  his  description  of  the  struc- 
ture of  this  region  in  the  following  words :  **  All  the  facts 
concerning  the  relation  of  the  waterways  of  this  region  to 
the  mountains,  hills,  canons,  and  cliffs,  lead  to  the  in- 
evitable conclusion  that  the  system  of  drainage  was  deter- 
mined antecedently  to  the  faulting  and  folding  and  erosion, 
and  antecedently  also  to  the  formation  of  the  eruptive  beds 
[lavas]  and  [volcanic]  cones."     (Op,  cit,,  p.  198.) 

Dr.  Emil  Tietze '  has  also  expressed  the  opinion  that  in 
many  cases  where  mountain  ranges  are  breached  by  trans- 
verse valleys  the  upper  part  of  the  river-valley  is  older 
than  the  mountain-range,  and  that,  as  the  rocks  of  the 
range  were  slowly  raised  out  of  the  water,  the  river  pro- 
longed its  course  over  the  land  thus  formed,  cutting  its 
channel  deeper  and  deeper  as  the  range  beo&me  higher  and 
higher.  In  this  way  he  explains  the  transverse  valleys 
which  are  cut  across  some  of  the  highest  ridges  of  the 
Elburz  mountains  in  Persia;  and  he  believes  that  the 
gorges  of  the  Indus  and  Brahmapootra  through  the  Hima- 
layas have  been  formed  in  the  same  way.  These  rivers  take 
their  rise  on  the  slopes  of  the  Karakorum  and  Kuenlun 
ranges,  both  of  which  are  far  older  than  the  Himalayas ; 
the  rivers  which  flowed  off  them  would  extend  themselves 
southward  when  upheaval  began,  and  cut  valleys  through 
the  Himalayan  rocks  as  the  latter  slowly  rose  into 
mouirtains. 

Influence  of  Movement  on  Marine  Erosion. — It 
has  been  stated  that  if  the  land  remained  at  one  level  for 

^  *<  Exploration  of  the  Colorado  River,  Washington,  1875,"  p.  153. 
'  "  Jahrbuch  der  kais.-k5n.geol.  ReicliBanstalt.  Vienna,  "xxviiL 
p.  58L    See  "  G«oL  Record  "  for  1878,  p.  197. 
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a  sufficient  length  of  time  it  would  be  gradually  worn  awaj, 
leaving  only  a  submarine  flat  or  plain,  covered  by  a  shallow 
sea.  Some  of  our  present  plains  and  table-lands  have  been 
produced  in  this  way,  the  mountains  that  once  stood  over 
them  having  been  removed  by  the  erosion  of  the  sea.  The 
destruction  of  Graham's  Island  in  the  Mediterranean,  and 
the  shallow  flat  left  in  its  place,  illustrate  this  result. 

We  have  seen,  however  (Part  I.,  Chapter  V.),  that  the 
land  is  anything  but  stationary,  and  that  every  part  of  it  is 
liable  to  be  moved  upwards  or  downwards  through  the  up. 
per  surface  of  the  sea.  During  such  movements,  the  waves 
will,  of  course;  act  upon  every  contour  line  that  is  succes- 
sively brought  within  their  influence.  Mr.  Jukes  has  com- 
pared the  external  action  of  the  sea  to  that  of  a  fixed 
engine  with  a  horizontal  planing  and  graving  machinery, 
contrived  to  carve  into  any  substance,  while  the  earth* 
movements  are  forces  acting  vertically,  raising  or  lowering 
the  substance  through  the  horizontal  cutting  plane. 

If  the  land  is  elevated,  the  old  coast  with  its  line  of  cliffs 
is  carried  inland  to  a  certain  distance,  and  the  new  raised 
tract  forms  a  terrace  or  platform  in  front  of  it :  if  the 
vertical  uplift  has  not  been  very  great  this  tract  will  only 
be  a  narrow  terrace  like  those  described  in  Part  I.,  Chapter 
Y.,  but  if  after  remaining  stationary  for  a  long  period  o£ 
time  the  region  be  rapidly  raised  through  200  or  300  feet 
a  broad  platform  will  be  exposed.  An  elevated  platform 
of  this  kind  is  found  along  the  north  coast  of  Spain,  and 
is  thus  described  bv  Dr.  C.  Barrois :  "  The  rocks  of  the 
whole  Cantabrian  coast,  from  Qalicia  to  Santander,  form 
rugged  mountains,  which  rise  like  cliffs  at  a  distance  of  3 
or  4  kilometres  (2  to  2i  miles)  from  the  coast-line,  while 
the  space  between  the  sea  and  these  mountains  is  a  narrow 
plain ;  the  beds  being  levelled  as  if  a  coast  road  had  beeu 
purposely  constructed  along  the  base  of  the  mountains." 
"  The  altitude  of  this  plain  or  platform  appears  to  be 
about  200  feet  above  the  sea,  but  the  tracts  formed  o£ 
sandstone  are  more  elevated  than  those  of  limestone,  and 
the  latter  are  higher  than  the  tracts  of  schist.  The 
numerous  torrents  which  descend  from  the  mountains  cut 
directly  across  the  plain,  and  give  rise  to  the  formation  of 
a  great  number  of  transverse  sections.  .  •  •  ^  The  com<» 
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parison  of  this  plain  with  the  shore  platform  now  in  process 
of  formation  shows  the  resemblance  between  them :  the 
denuded  surface,  which  forms  a  broad  terrace  along  the 
Cantabrian  shore,  is  nothing  but  an  elevated  marine  plat- 
form, a  typical  example  of  the  plains  of  marine  denudation 
described  bj  Professor  Bamsay."  ^ 

On  the  other  hand,  if  a  region  after  standing  at  one  level 
for  a  certain  length  of  time  be  depressed  to  a  lower  level, 
the  height  of  its  cliffs  is  diminished,  and  the  waves  have  a 
smaller  mass  of  rock  in  front  of  them  ;  consequently  they 
eat  much  more  rapidly  into  the  land,  cutting  it  back  at  a 
higher  level  than  before,  and  carrying  out  a  fresh  plain  of 
erosion. 

It  will  be  instructive  to  consider  a  special  case  of  de- 
pression, where  the  land,  after  having  stood  at  a  certain 
level  for  a  long  period  has  been  permanently  lowered,  and 


Fig.  199.    The  effect  of  Depression  on  Marine  Erosion. 
The  doable  lines  indicate  high-  and  low -tide  levels. 

then  allowed  to  remain  stationary  again  for  a  considerable 
time.  It  is  evident  that,  during  the  second  period  of  rest, 
the  waves  will  carve  out  a  second  platform,  at  a  higher 
level  than  the  old  one  formed  during  the  first  period. 

Fig.  199  is  intended  to  illustrate  the  result  of  this  process. 
The  line  c  d  indicates  the  level  of  high  tide  during  the 
first  period,  when  the  lower  platform  was  formed.  De- 
pression of  the  land  then  caused  the  sea  to  fiow  over  this 
platform,  till  its  high-tide  level  corresponded  with  the  line 
A  B.  The  waves  continued  to  cut  down  the  cliffs  which 
once  stood  over  d  ;  but  the  line  of  non-erosion  being  now 
at  a  higher  level,  they  could  not  wear  down  the  new  plat- 
form to  the  plane  of  the  older  one,  which,  therefore,  remains 

^  "R^cherches  sur  les  Terrains  Anciens  des  Asturies  et  de  la 
Galice,"  "  Mem.  Soc  G^ol.  du  Nord,"  torn.  ii.  p.  619. 
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as  a  submarine  terrace,  until  it  is  covered  and  concealed  bj 
newly-formed  deposits. 

The  Isle  of  Wight  may  be  cited  as  an  instance  of  an 
island  standing  upon  a  platform  of  this  kind,  produced 
bj  the  combined  effect  of  subsidence  and  marine  erosion, 
l^e  island  lies  entirely  inside  the  line  of  10  fathom- 
soundings,  so  that  an  elevation  of  only  60  feet  would  unite 
it  to  the  coast  of  Hampshire,  leaving  a  level  platform, 
with  raised  beaches  all  round  the  present  shore  of  the 
island.  We  may,  therefore,  assume  that  its  cliffs  once 
stood  at  the  outer  edge  of  this  platform,  and  were  con- 
tinuous with  those  of  Hampshire  and  Sussex,  and  that 
they  have  been  gradually  cut  back  to  their  present  position 
by  the  erosive  action  of  the  sea. 

There  is  good  reason,  moreover,  for  believing  that  tJiis 
amount  of  erosion  does  not  represent  the  total  loss  of  land 
which  has  taken  place  on  the  south  side  of  the  island  in 
comparatively  recent  times.  There  are,  at  any  rate,  certain 
peculiarities  in  the  courses  of  the  rivers,  which  suggest  that 
when  the  present  system  of  drainage  was  established,  large 
areas  of  laiid  existed  over  the  sites  of  Brixton  and  Sandown 
Bays.  Mr.  Codrington  has  pointed  out  that  the  short 
streams  which  flow  into  these  bays  must  once  have  had 
much  longer  courses,  and  were  probably  tributaries  of  two 
large  rivers  which  ran  northward  into  the  Solent  (see  map). 
He  thus  accounts  for  the  remarkable  fact  that  both  the 
Yar  at  Freshwater  and  the  Sandown  branch  of  the  Brading 
river  rise  close  behind  the  present  beach,  below  high-water 
mark,  and  flow  northward  through  the  chalk  hills.  Con- 
sequently, he  supposes  that  the  present  short  streams  are 
merely  the  abbreviated  remnants  of  much  lai^r  rivers,  the 
drainage  basins  of  which  have  been  entirely  destroyed  by 
the  continual  encroachments  of  the  sea.^ 

An  instance  on  a  larger  scale  is  furnished  by  the  great 
submarine  platform  on  which  the  British  Islands  them- 
selves stand.  It  is  a  well-known  fact  that  the  seas  sur- 
rounding our  islands  are  comparatively  shallow,  and  nearly 
everywhere  less  than  100  fathoms  deep.  The  100  fathom 
line,  in  fact,  starts  from  the  Bay  of  Biscay,  and  passes  out- 

^  "  Quart  Joum.  Geol.  Soc.,"  vol  xxvL  p.  628. 
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side  Ireland,  at  a  distance  of  about  50  miles  from  its 
western  coast,  tbence  it  trends  north-eastward,  outside  the 
Hebrides  and  the  Shetland  Islands. 

Outside  these  limits  the  sea-bottom  plimges  rapidly 
down  to  the  500  and  1,000  fathom  lines,  and  it  is  therefore 
supposed  that  the  European  continent  at  one  time  extended 
westward  as  far  as  the  boundary  of  this  submarine  plat- 
form, and  that  this  platform  was  formed  during  periods  of 
subsidence,  when  the  sea  ate  its  way  farther  and  farther 
across  the  land,  planing  down  its  prominences  and  filling 
up  its  hollows  until  the  movement  ceased  and  the  present 
configuration  of  land  and  water  was  produced.  If  now  up- 
heaved the  platform  would  form  an  undulating  plateau, 
like  a  Siberian  steppe,  only  diversified  by  occasional  lakes 
on  the  sites  of  the  deeper  holes  which  exist  on  the  sea- 
bottom. 

Marine  Erosion  compared  with  Subaerial  De- 
trition.— In  any  comparison  between  the  relative  amount 
of  erosion  performed  by  the  sea,  and  that  accomplished 
by  the  other  detritive  agencies  at  work  upon  the  surface 
of  the  land,  the  above  considerations  must  be  borne  in 
mind. 

At  the  present  time,  where  the  land  is  stationary  or 
rising,  the  sea  can  only  act  on  the  edge  of  the  land,  so  that 
the  extent  of  marine  erosion  must  be  comparatively  small 
as  compared  with  that  effected  by  the  subaerial  agencies 
which  act  upon  every  foot  of  its  surface.  Dr.  Geikie  has 
calculated  that  if  the  sea  eats  away  the  edge  of  a  continent 
at  the  rate  of  10  feet  in  a  century,  and  subaerial  agents 
remove  a  layer  one  foot  thick  from  its  general  surface  in 
6,000  years,  the  whole  continent  of  Europe  would  be  en- 
tirely worn  away  by  the  latter  agencies  before  the  sea 
could  pare  off  more  than  a  mere  marginal  strip  of  land 
150  miles  in  breadth. 

But,  as  he  truly  says,^ "  In  estimating  the  amount  of  in- 
fluence to  be  attributed  to  each  of  the  denuding  agents  in 
past  times,  we  require  to  take  into  account  the  complicated 
effects  which  would  arise  from  the  upheaval  or  depression 
of  the  earth's  crust.    If  frequent  risings  of  the  land  or 

»  Geikie,  "  Text  Book  of  Geology,"  third  edition,  p.  44a. 
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eleyations  of  the  sea-floor  into  land  had  not  taken  place  in 
the  geological  past,  no  great  thickness  of  stratified  rocks 
could  have  been  formed,  for  the  first  continents  must  soon 
have  been  washed  away."  It  also  follows  that  the  areas 
upheayed  must  haye  been  more  considerable  than  the  areas 
depressed,  and  therefore,  eyen  in  past  times,  the  amount 
of  detrition  effected  by  rain,  frost,  springs  and  riyers, 
must  haye  always  been  greater  than  that  accomplished  by 
the  sea. 


e 
lint 
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CHAPTER  in. 

THE   OBIGIK    OF  SOME   SPECIAL   PHYSICAL   FEATtTBES. 

IN  the  first  chapter  we  discussed  some  of  the  conditions 
which  have  guided  the  erosive  agencies  in  selecting  cer- 
tain lines  of  action,  and  in  developing  certain  general  fea- 
tures of  the  earth's  surface ;  we  now  propose  to  pursue  the 
subject  and  to  explain  the  origin  of  some  of  the  special 
features  and  local  peculiarities  which  meet  the  eye  of 
the  observer  among  mountains,  highlands,  and  table-lands. 

Mountain  peaks  may  be  defined  as  the  sharpest  forms 
of  wateraheds.  produced  by  the  continuous  Bcarpi^  of  hard 
rocks  at  altitudes  where  the  atmospheric  agencies  work 
with  the  greatest  power.  Their  peculiar  shapes  depend 
chiefly  on  the  kind  of  material  out  of  which  they  are 
carved.  Almost  every  kind  of  rock  produces  its  own 
special  kind  of  mountain  scenery,  and  the  outlines  presented 
by  peaks  of  granite,  quartzite,  schist,  slate,  sandstone  and 
limestone  differ  so  greatly  from  one  another  that  an  ex- 
perienced geologist  can  often  make  a  good  guess  at  the 
kind  of  rock  which  forms  a  mountain  peak  long  before  he 
reaches  it. 

Granite  hills  are  always  broad,  roimd-shouldered  heights, 
only  here  and  there  forming  anything  which  can  be  called 
a  peak,  these  consisting  of  loose  weathered  blocks,  piled 
one  on  another,  and  often  resembling  masses  of  ruined 
masonry.  Hills  of  gneiss  are  similar,  but  often  have  steeper 
slopes. 

Quartzite  hills  always  form  sharp  triangular  ridges  or 
conical  peaks,  which  often  have  some  resemblance  to  volca- 
noes, but  generally  have  steeper  and  straighter  outlines. 
Schiehallien,  in  Perthshire,  is  a  notable   instance  of  a 
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quartzite  hill;  seen  from  the  south-east  it  appears  as  a 
rocky  ridge  with  a  long  gentle  slope  on  the  eastern  side, 
and  a  steep  descent  toward  the  west,  but  viewed  from  the 
north-west  it  appears  as  a  perfect  cone,  "raising  its 
gleaming  peak  of  snowy  quartzite  to  a  height  of  3,547 
feet."  ^  But  "  nowhere  in  the  Highlands/'  says  Sir  Arch. 
Qeikie,"  "can  the  whole  of  the  distinctive  features  of 
quartzite  scenery  be  seen  on  so  grand  a  scale  as  among  the 
mountains  of  Islay  and  Jura.  In  the  latter  island  the 
quartz-rock  rises  into  the  group  of  lofty  cones  known 
as  the  Paps  of  Jura,  2,571  feet  above  the  sea,  which 
almost  washes  their  base.  The  prevailing  colour  is  grey, 
save  here  and  there  where  a  mass  glistens  white  as  if  it 
were  snow ;  and  as  the  vegetation  is  exceedingly  scanty, 
the  character  of  the  rock  and  its  influence  on  the  landscape 
can  be  seen  to  every  advantage." 

Hard  sandstones  and  grits,  when  nearly  horizontal, 
have  also  a  tendency  to  form  huge  single  pyramidal 
mountains  like  Morven  and  Maida  Pap  in  Caithness,  and 
the  wonderful  groups  of  isolated  sandstone  mountains 
which  are  such  conspicuous  objects  in  the  west  of  Suther- 
land and  Boss.  To  quote  again  from  Sir  Arch.  Oeikie's 
admirable  descriptions  of  Scottish  scenery,  "  these  huge 
pyramids,  rising  to  heights  of  between  2,000  and  4,000 
feet,  consist  of  dark  red  strata  so  little  inclined  that  their 
edges  can  be  traced  by  the  eye  in  long  level  bars  on  the 

steeper  hillsides  and  precipices,  like  lines  of  masonry 

These  huge  isolated  cones  are  among  the  most  striking 
memorials  of  denudation  to  be  seen  in  the  British  Islands. 
Quenaig,  Canisp,  Suilven,  Coulmore,  and  the  hiUsof  Coygach, 
Dundonald,  Loch  Maree  and  Torridon  are  merely  detached 
patches  of  a  formation,  not  less  than  7,000  or  8,000  feet 
thick,  which  once  spread  over  the  north-west  of  Scotland  " 
(op.  cit„  p.  203). 

When  the  sandstone  strata  have  a  decided  dip  or  incli- 
nation the  conical  form  of  peak  is  more  or  less  modified, 
such  hills  generally  breaking  into  a  steep  precipitous 
slope  on  the  outcrop  side,  and  often  forming  what  is  termed 

*  "The  Scenery  of  Scotland,''  second  edition,  p.  205. 

*  Op.  cit,  p.  207. 
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a  mural  escarpment  that  is  so  steep  as  to  resemble  a  wall, 
while  the  opposite  side  of  the  ridge  falls  away  in  a  longer 
slope,  which  tends  to  become  a  dip'slope,  that  is,  the  sur- 
face of  the  ground  often  coincides  with  the  suif ace  of  a 
particular  bed  for  some  distance. 

Hard  and  massive  limestones  generally  develop  tall 
columnar  or  turret-like  peaks,  the  forms  depending  partly 
on  the  horizontality  or  inclination  of  the  beds,  but  more 
especially  on  the  lines  of  jointing.  Sometimes  the  general 
trend  of  a  limestone  mountain  is  determined  by  the  direc- 
tion of  one  set  of  joints,  while  its  separation  into  blocks 
and  peaks  is  determined  by  another  set  having  a  trans- 
verse direction.  This  is  well  illustrated  in  the  case  of  the 
Drei  Zinnen,  an  excellent  view  of  which  forms  the  frontis- 
piece to  this  volume.^  These  are  peaks  of  hard  Dolomite, 
and  form  part  of  the  region  of  the  Dolomite  Mountains  in 
the  Tyrol.  The  view  from  this  very  spot  has  been  thus 
briefly  described : — "  From  Landro,  Monte CristaUo,  shooting 
up  in  towers  between  its  glaciers,  is  the  dominating  object. 
Not  far  from  the  post-house,  however,  through  a  gorge 
opening  eastward  there  is  an  apparition  of  three  splintered 
spires  (the  Drei  Zinnen,  or  three  battlements)  than  which 
in  the  way  of  mountains  I  know  nothing  stranger.''  ^ 

The  hard  crystalline  schists  form  mountain  crests  which 
often  present  a  sharp  and  serrated  array  of  peaks.  Such 
serrated  ridges  occur  among  the  gnarled  schists  which 
tower  into  the  mountain  heights  of  Inverness ;  and  the 
rough,  rugged,  and  craggy  outline  which  their  summits 
exhibit  may  be  ascribed  partly  to  the  influence  of  foliation 
and  jointing,  and  partly  to  the  unequal  weathering  due 
to  the  differences  of  hardness  and  texture  in  the  rock 
materiaL 

Fig.  200  is  a  view  in  the  Graian  Alps,  borrowed  from  Pro- 
fessor Bonney's  "Alpine  Begions,"  and  shows  a  peak 
composed  of  chloritic  and  micaceous  schists  which  belong 
to  iSie  upper  part  of  the  crystalline  series  of  the  Alps. 
Many  of  the  eminences,  which  are  termed  aiguilles  in  Swit* 

*  This  plate  is  borrowed  from  Professor  Bonney's  "Alpine 
Regions,*'  and  was  drawn  by  Mr.  Whymper  from  a  sketch  by  rro- 
fessor  Bonney. 

'  **  The  Dolomite  Mountains/'  by  Messrs.  Gilbert  and  Churchill. 
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stone  cliffs*  b,  which  form  the  lip  of  the  cup-shaped 
hollow.  "The  most  remarkable  thing  about  the  cliffs." 
says  Professor  Bonnej, "  was  the  belt  of  reddish  shalj  rock 
which  was  furrowed  by  a  vast  number  of  little  gorges 
which  were  often  only  a  few  yards  apart,  and  occasionsJly 
united*  so  that  this  part  of  the  cliff  really  looked  like  a  badly- 
ploughed  field  set  up  on  end.  Down  these  gorges,  many 
of  them  dry  in  August,  little  rills  descend  from  the  snows 
on  the  ledges,  and  in  the  combes  above,  and  these  have 
generally  made  some  trace  corresponding  with  their  size 
on  the  harder  limestone  below,  sometimes  a  mere  stain, 
sometimes  a  well-marked  groove.'* 

The  Creuz  des  Champs  on  the  northern  face  of  the 
Diablerets,  the  Fer-k-cheval,  near  Sixt  in  Savoy,  and  the 
Creuz  des  Vents  in  the  Jura,  are  all  good  instances  of 
large  cirques,  and  are  described  by  Professor  Bonney  in 
the  paper  above  quoted. 

The  existence  of  similar  cirques  and  corries  in  the 
mountains  which  lie  between  the  Bed  Sea  and  the  valley 
of  the  Nile,^  and  where  there  are  no  traces  of  glaeiid 
action,  is  an  additional  proof  that  they  cannot  be  attri* 
buted  to  the  action  of  glaciers. 

Cols  and  Passes. — A  col  or  mountain  pass  is  a  de- 
pression in  the  ridge  of  a  watershed  connecting  two  lateral 
valleys  with  one  another.  Every  gradation  may  be  found, 
between  a  mere  notch  in  the  crest  of  a  ridge,  and  a  pro- 
found gap  or  pass  connecting  two  long  and  deep  valleys. 
The  notch  is  formed  by  the  recession  of  the  heads  of  &e 
two  valleys  till  the  crest  or  ridge  between  them  is  worn  in 
to  a  col  or  gap,  and,  finally,  if  the  action  is  continued  long 
enough,  into  a  deep  pass  which  can  be  used  as  a  roadway. 

The  formation  of  such  passes  in  the  Highlands  of  Scot- 
land is  well  described  by  Sir  A.  Gkikie  in  the  following 
words : '  "  Among  the  high  grounds  where  disintegration 
proceeds  apace,  the  gradual  narrowing  of  ridges  into  sharp 
narrow  knife-edged  crests,  and  the  lowering  of  these  into 
cols  or  passes,  can  be  admirably  studied.     Where  two 

*  See  **Geol.  Mag^.,"  Dec.  2,  vol.  iv.  p.  477;  confirmed  by  J. 
Walther,  "On  the  Denudation  of  Deserts," see  "Nature,"  1891, 
p.  556. 

-*  "  The  Scenery  of  Scotland,"  p.  179. 
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glens  begin  opposite  to  each  other  on  the  same  ridge,  their 
corries  are  ^udually  cut  back  until  only  a  sharp  crest 
separates  them.  This  crest,  attacked  on  each  fi*ont  and 
along  the  summit,  is  lowered  with  comparatiye  rapidity^ 
until,  in  the  end,  merely  a  low  col,  pass,  or  balloch  may 
separate  the  heads  of  the  two  glens." 

When  the  ridge  between  the  two  glens  has  been  so  far 
reduced  that  there  are  steep  slopes  up  from  it  to  the 
higher  part  of  the  watershed  on  each  side,  water  will 
course  down  these  slopes  after  heavy  rains,  and,  spreading 
more  or  less  over  the  col,  will  help  to  lower  it  still  further, 
and  to  transport  its  d^ris  into  one  or  other  of  the  two 
glens.  In  this  way  the  pass  may  eventually  be  so  greatly 
lowered  that  the  two  valleys  are  converted  into  one  long 
continuous  valley,  the  original  site  of  the  dividing  ridge 
or  watershed  being  scarcely  perceptible,  and  only  to  be 
detected  by  the  fact  that  there  is  a  point  where  the  water 
flows  in  opposite  directions. 

Such  continuous  valleys  are  not  uncommon  in  Scotland 
and  other  mountainous  regions,  and  some  of  them  traverse 
portions  of  the  Highlands  from  sea  to  sea.  Thus  the 
valley  of  Loch  Garron  is  continued  across  Boss-shire  to 
Contin  and  Cromarty  Firth,  its  watershed  being  only 
600  feet  above  the  sea,  and  only  perceptible  by  the  flow 
of  the  water  in  the  valley.  A  smaller  but  equally  re- 
markable valley  is  that  which  runs  southward  from  Loch 
Fyne  through  Cowal  to  Holy  Loch,  and  contains  the 
narrow  waters  of  Loch  Ech.  It  is  quite  possible,  how- 
ever, that  in  these  and  other  cases  the  existing  watershed 
does  not  exactly  coincide  with  the  original  line  of  division 
between  two  glens ;  considering  the  great  age  of  the  Scotch 
valleys,  and  the  numerous  eai'th  movements  which  they 
have  experienced,  its  present  position  may  have  been  de- 
termined by  subsequent  uplift,  or  by  mounds  of  glacial 
d^ris  carried  down  some  lateral  glen  and  heaped  across 
the  longer  valley. 

Mesas  and  Buttes. — These  are  both  American  terms, 
though  the  first  is  of  Spanish  and  the  second  of  French 
origin ;  they  are  constantly  used  by  American  geologists 
to  denote  certain  forms  of  hills  which  are  frequent  in  that 
country. 
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Mesas  are  the  long  fiat-topped  tracts  of  high  ground 
which  remain  where  a  system  of  large  valleys  has  been 
carved  out  of  a  plateau  of  hard  rock ;  and  they  are  most 
characteristically  developed  where  the  strata  are  nearly 
horizontal.  Great  sheets  of  basaltic  lava,  such  as  those  of 
New  Mexico,  and  of  Auvergne  in  Prance,  give  rise  to  the 
formation  of  mesas. 

A  BtUte  is  an  isolated  steep-sided  hill  of  small  super- 
ficial area,  and  is,  strictly  speaking,  an  outlying  block  or 
mass  which  has  been  detached  from  a  plateau  by  the 
erosion  and  removal  of  the  intervening  parts. 

The  edge  of  a  plateau  of  horizontal  or  slightly  inclined 
rocks  is  generally  carved  by  the  action  of  rain  and  wind 
into  a  series  of  bays  and  promontories,  and  the  ends  of  the 
latter  are  eventually  separated  so  as  to  stand  out  on  the 
lower  plain  like  sea- stacks  off  the  headlands  of  a  coast- 
line. If  the  uppermost  layer  of  the  plateau  is  harder 
than  those  below,  the  butte  will  for  a  time  have  a  flat 
top,  but  if  the  beds  are  of  nearly  equal  hardness  the 
butte  will  have  a  more  or  less  conical  form. 

Fig.  202  is  a  view  in  the  upper  valley  of  the  Green  River, 
Wyoming,  U.S.,  showing  a  portion  of  a  gently  inclined 
plateau  which  has  been  eroded  into  a  series  of  detached 
blocks  and  buttes.  Such  forms  are  frequent  in  the  "  Bad- 
lands "  of  the  Western  States.  The  group  of  flat-topped 
mountains  in  British  Guiana,  of  which  Koraima  is  the 
most  conspicuous,  are  remnants  of  an  ancient  plateau, 
and  may  come  under  the  denomination  of  buttes.  Similar 
forms  occur  in  other  parts  of  the  world,  and  the  term  may 
therefore  be  usefully  introduced  into  geological  and  geo- 
graphical nomenclature. 

Gravel  Ridges. — In  some  districts  the  natural  drainage 
of  the  country  has  altered  so  greatly  in  the  course  of  ages, 
that  long  banks  and  ridges  of  river  gravel  are  found  in 
situations  where  no  rivers  could  now  flow.  Long  series  of 
such  gravels  occur  in  the  neighlx)urhood  of  Cambridge. 

They  commence  in  a  series  of  patches  which  occur  at  in- 
tervals along  the  sides  of  the  long,  but  now  dry,  valleys 
which  run  through  the  chalk  hills.  The  farther  they  are 
traced  down  each  valley  the  larger  do  the  patches  become, 
and  the  greater  is  the  difference  of  level  between  the  bottom 
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of  the  present  valley  and  the  height  at  which  the  patches 
of  gravel  occur,  till,  at  last,  thej  diverge  altogether  from 
the  existing  line  of  drainage,  and  stream  out  to  form  long- 
continued  gravel-capped  ridges  which  trend  more  or  less  in 
the  direction  of  Cambridge.^ 

Fig.  203  is  a  section  across  one  of  these  ridges,  near  Wil- 
braham  ;  it  owes  its  existence  as  a  ridge  to  the  river- gravel 
which  rests  upon  it,  and  has  protected  the  under-lying 
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Fig.  203.    Gravel  Ridge  near  Wilbraham,  Cambridge. 

a,  Modem  gravel.    6,  Ancient  gravel,    c,  Chalk. 

Horizontal  scale,  2  inches  to  a  mile. 

chalk  from  destruction ;  the  bottom,  therefore,  of  the 
ancient  valley  is  here  preserved,  while  the  hills  and  slopes 
which  once  formed  its  sides  have  long  since  been  destroyed 
and  washed  away  by  the  wasting  action  of  rain  and  springs. 
The  dotted  lines  in  the  figure  indicate  the  general  outline 
of  the  ground  at  the  time  when  the  gravels  were  formed. 

'  See  "Post-Tertiary  Deposits  of  Cambridgeshire,"  p.  40,  and 
"•*  The  Geology  of  Cambridge,"  Mem.  Geol.  Survey,  p.  82. 


CHAPTEE  IV. 

PROOFS    OF    THE    AMOTJKT    OF    MATEBIAL    BEMOYED    FROM 

EXISTING   STTBFACBS. 

IN  this  chapter  we  shall  consider  some  geological  features 
which  furnish  absolute  proof  of  the  enormous  amount 
of  detrition  and  denudation  that  has  taken  place  in  some 
parts  of  the  coxmtry ;  these  considerations  will  enable  us 
to  realize  what  vast  thicknesses  of  rock  have  in  many 
cases  been  remored  during  the  process  of  erosion,  which 
has  led  to  the  development  of  the  present  physical  features 
of  the  country.  They  may  be  treated  conveniently  under 
the  following  heads: — 1,  evidence  from  the  outcrop  of 
strata ;  2,  from  faults ;  8,  from  outliers  and  inliers ;  4, 
from  mountains  of  upheaval. 

1.  Oidcrop  of  Beds. — Where  a  series  of  beds  dip  one 
beneath  another,  as  in  fig.  192,  over  a  considerable  breadth 
of  ground,  it  is  clear  that  they  cannot  have  originally 
terminated  in  that  manner,  for  it  is  the  very  fact  of  their 
abrupt  truncation  that  causes  them  to  crop  out  on  the 
present  surface.  The  higher  beds  must  originally  have 
extended  for  long  distances  beyond  their  present  lines  of 
outcrop,  and  a  very  great  thickness  of  rock  must  once 
have  existed  above  the  present  surface. 

Where  a  surface  has  been  formed  across  anticlinal  and 
Bjmclinal  folds,  the  outcrops  of  the  different  beds  supply  a 
means  of  actually  estimating  the  minimum  thickness  of 
rock  which  has  been  removed  since  the  folds  were  formed. 
Thus,  in  fig.  204,  the  distance  between  o  and  d  may  be 
several  miles,  and  the  thickness  of  the  beds,  2, 3, 4, 5,  may 
be  respectively  100,  150,  50,  and  800  feet.  It  is  clear  that 
all  these  beds  must  originally  have  been  continued  over 
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the  anticlinal,  a,  or  they  could  not  have  been  brought  into 
the  synclinal  trough,  s.  The  minimum  thickness  of  rock, 
therefore,  which  has  been  removed  from  the  surface  over 
the  point,  a,  must  be  600  feet ;  and  if  any  more  beds  came 
in  with  the  same  dip  beyond  d,  their  thickness  would  have 
to  be  added  to  this  amount. 

Pig.  174,  p.  519,  illustrates  an  actual  case  in  which  this 
estimate  may  be  made ;  if  the  thickness  of  the  slates  be- 
tween B  and  D  be  5,000  feet,  it  is  clear  that  a  depth  of  rock 
of  more  than  that  thickness  must  have  been  removed  from 
the  top  of  the  anticlinal  fold,  b,  and,  further,  the  same 
thickness  of  rock  must  once  have  extended  across  the  Menai 
Straits,  and  all  over  Anglesea,  unless  the  strata  thinned 
in  that  direction.     That  much  of  it  really  did  so  extend  is 
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Fig.  204.    Thickness  of  Rock  removed  by  Denudation, 

proved  by  some  of  the  beds  being  brought  in  here  and 
there  by  faults  and  synclinal  curves. 

In  the  same  way  Sir  A.  Bamsay  has  shown  that  in  some 
parts  of  South  Wales  a  thickness  of  about  11,000  feet  of 
rock  has  been  removed  from  the  present  surface  of  the 
country.^  Fig.  205  is  a  reproduction  of  one  of  his  sections 
slightly  altered  for  the  purpose  of  making  it  clearer  to  the 
student.  The  strong  irregular  line  which  limits  the  orna- 
mented part  of  the  section  represents  the  actual  surface  of 
the  groimd  along  which  the  section  was  taken,  and  the 
horizontal  line  a  little  below  it  represents  the  level  of  the 
sea.  The  central  group  of  rocks,  l.  s.,  contains  a  bed  of  lime- 
stone which  is  easily  recognized,  and  the  destroyed  portions 
of  it  which  originally  connected  the  present  outcrops  are 
indicated  by  dotted  lines.     The  beds  which  overlie  the 

*  **  On  the  Denudation  of  Soath  Walea,"  Mem.  Geol.  Survey, 
vol.  L  p.  297. 
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limestone  on  each  side  of  the  arch  are  about  1,500  feet 
thick,  and  their  upper  limit  is  also  indicated  by  dotted 
lines.  The  sandstones  which  succeed  must  also  have  been, 
folded  over  the  arch,  and  are  in  the  figure  represented  as 
coming  in  again  on  the  north.  Thej  are  from  4,000  to 
5,000  feet  thick  in  this  district.  How  much  of  c.  l.  and 
c.  M.  (the  Carboniferous  limestone  and  Ooal-measures)  also 
extended  northward  and  lay  oyer  the  central  area  when  the 
arch  was  first  formed  we  do  not  know,  but  some  of  these 
beds  did.  The  area  shaded  by  parallel  oblique  lines  is  there- 
fore the  least  amount  of  rock  that  has  been  removed  from 
above  the  present  surface  of  the  ground.  As  the  scale  of 
the  diagram  is  one  inch  to  a  mile  both  horizontally  and 
yertically,  the  amount  is  easily  measured,  and  found  to  be 
nearly  7,000  feet.  A  little  further  west,  over  the  Vale  of 
Towey,  the  amount  removed  is  found  to  be  about  11,000 
feet. 

In  the  same  manner  Sir  A.  Bamsay  demonstrated  that 
a  thickness  of  from  8,000  to  10,000  feet  of  Carboniferous 
rocks  had  been  removed  from  the  central  parts  of  the 
Mendip  Hills  in  Somerset  before  the  formation  of  the 
newer  rocks  which  now  surround  them.  A  similar  thick- 
ness of  the  same  beds  has  been  removed  from  the  downs 
west  of  Bristol,  as  shown  in  fig.  189 ;  and  not  only  so,  but 
a  further  thickness  of  about  3,500  feet  of  newer  strata, 
Trias,  Lias,  Oolites,  Greensand,  and  Chalk,  has  been  rer 
moved  during  the  production  of  the  present  surface  of  the 
country. 

The  south  of  Ireland  also  furnishes  many  good  instances 
of  great  denudation ;  its  geological  structure  has  alreadj 
been  partially  described  (see  p.  552,  and  figs.  187, 190).  ft 
was  stated  that  the  coal-measures,  which  now  only  occur 
as  isolated  patches,  had  originally  a  very  wide  extension 
over  this  part  of  the  country,  overspreading  and  over- 
lapping the  Carboniferous  limestone,  as  shown  in  fig.  190. 
So  great,  however,  has  been  the  loss  of  material  during 
the  process  of  detrition  and  denudation  by  which  the 
present  physical  features  have  been  produced,  that  not 
only  have  the  coal-measures  been  removed  from  the  greater 
part  of  the  country,  but  the  erosion  has  in  many  places 
extended  through  the  whole  thickness  of  the  Carboniferous 
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limestone,  and  has  cut  deeply  into  the  Old  Bed  Sandstone 
Jbelow. 

In  some  plaices  the  erosion  has  extended  even  to  the 
bottom  of  this  division,  so  as  to  re-expose  and  trench  into 
the  Ordovician  rocks  upon  which  the  sandstones  were  de- 
posited. From  the  extent  of  this  denudation,  therefore, 
it  can  be  proved  that  a  thickness  of  between  5,000  and 
6,000  feet  of  rock  has  been  removed  from  some  parts  of 
the  district. 

2.  Evidence  of  Faults. — ^Equally  convincing  is  the  evidence 
furnished  bj  the  great  dislocations  which  traverse  every 
country.  Some  of  these  are  vertical  displacements  to 
the  amount  of  several  thousand  feet  (see  p.  450),  and 
yet  they  seldom  produce  any  effect  on  the  surface  of  the 
ground.  To  take  an  extreme  case  as  an  illustration,  there 
is  a  fault  traversing  the  Appalachian  Mountains  in  North 
America,  which  has  a  vertical  throw  of  20,000  feet,  and 
yet  the  surface  is  so  planed  down  that  a  man  can  stride 
across  the  line  of  fault,  with  one  foot  on  a  bed  which  was 
originally  ^  20,000  feet  above  that  on  which  the  other  foot 
rests.  Another  American  fault,  described  by  Powell  as 
running  along  the  north  aide  of  the  Uinta  Mountains  in 
Wyoming,  has  a  displacement  of  nearly  20,000  feet,  and 
the  same  author  estimates  the  amount  of  rock  which  has 
been  removed  from  the  central  axis  of  the  Uinta  fold  to 
be  not  less  than  24,000  feet.  Again,  many  of  the  maps 
of  the  "  Geological  Survey  of  Great  Britain,"  especially 
those  of  the  coal-fields,  show  so  many  faults  that  they  are 
covered  with  a  network  of  white  lines.  These  faults  are 
of  various  magnitudes,  from  a  few  feet  to  many  hundred, 
-and  yet  no  sign  of  such  displacements  is  visible  at  the 
surface,  which  may  be  a  continuous  tract  of  undulating 
fields  and  meadows.  In  all  these  cases  it  is  clear  that  a 
thickness  of  rock  equal  to  the  maximum  amount  of  ver- 
tical displacement  has  been  removed  from  the  surface  of 
the  country. 

3.  Outliers  and  Inliers. — An  outlier  is,  as  the  name  im- 
plies, an  outlying  or  isolated  portion  of  a  bed,  which  has 
been  separated  from  the  main  mass  with  which  it  was 

^  Campbell,  '*  Frost  and  Fire,*'  vol.  ii  chap.  IL  p.  333. 
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originallj  connected  by  erosion  and  denudation,  juat  as  an 
island  is  separated  from  the  mainland  (see  fig.  187,  p.  552, 
where  outliers  of  Old  Bed  Sandstone  are  shown). 

The  simplest  form  of  an  outlier  is  that  which  so  often 
occurs  in  connection  with  a  line  of  escarpment,  the  unequal 
recession  of  which  has  left  a  series  of  bays,  promontories^ 
and  outliers.  It  is  easy  to  see  how  the  neck  of  a  promon- 
tory may  be  gradually  worn  through  by  the  action  of  rain 
and  springs  until  it  is  converted  into  an  isolated  hill,  the 
very  existence  of  such  a  hill  becoming  a  proof  of  the 
former  extension  of  the  beds,  and  of  the  recession  of  the 
escarpment. 

Very  frequently  the  existence  of  the  promontory  and 
subsequent  outlier  is  due  to  a  slight  synclinal  curvature  of 
the  beds,  the  inward  dip  giving  them  a  greater  power  of 
resistance  to  detritive  agencies,  and  diminishing  the  liability 
to  landslips.  So  often  is  this  the  case  that  the  very  occur- 
rence of  an  outlier  affords  strong  presumptive  evidence  of 
this  inward  dip,  although  the  actual  inclination  of  the  beds 
may  be  so  slight  as  to  be  inappreciable  in  a  quarry. 

Conversely,  an  anticlinal  curvature,  when  denuded,  often 
gives  rise  to  what  is  called  an  inlier,  which  may  be  defined 
as  the  isolated  exposure  of  an  underlying  bed  amidst  others 
which  are  geologically  above  it. 

Figs.  206  and  207  are  respectively  a  plan  and  section 
illustrating  the  occurrence  of  an  outlier  and  an  inlier.  a  a 
is  an  escarpment  formed  by  successive  beds  of  ironstone, 
sandstone,  and  chalk ;  o  is  an  outlier  of  the  chalk  and 
sandstone,  resting  on  a  promontory  of  the  ironstone, 
which  is  still  connected  with  the  main  mass  by  a 
narrow  neck,  i  is  an  inlier  of  the  sandstone  and  iron- 
stone, brought  up  by  an  anticlinal  curve,  and  exposed  in  & 
valley  excavated  out  of  the  long  slope  of  the  limestone. 
The  section  is  taken  along  the  line,  s  s,  and  illustrates  the 
relations  of  the  external  features  to  the  internal  structure 
of  the  ground. 

In  the  case  represented  by  fig.  206,  which  has  been  sug- 
gested by  the  structure  of  the  Chalk  Wolds  of  Lincolnshire^ 
the  outlier  and  inlier  are  caused  by  undulations  parallel  to 
the  strike,  but  they  are  perhaps  more  often  produced  in 
nature  by  undulations  across  the  strike,  of  the  kind  illus- 
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trated  bj  fig.  Ill ;  the  synclinals  leading  to  the  formation 
of  outliers  beyond  the  escarpment,  and  inliers  occurring 
where  the  anticlinal  folds  happen  to  be  crossed  by  some 
river-valley  inside  the  main  line  of  escarpment. 

Among  the  older  rocks  which  have  been  thrown  into 
mnch  sharper  curves  and  contortions,  outlying  basins  some- 
times occur  containing  a  great  thickness  of  beds  in  their 
centre  (see  fig.  194),  showing  that  a  corresponding  thick- 
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Fig.  206.     Plan  of  OutUer  and  Inlier. 


Fig.  207.    Section  along  line  s  s. 

ness  must  have  been  removed  from    the    surrounding 
districts. 

Flexures,  however,  are  not  the  only  conditions  which 
give  rise  to  the  production  of  outliers  and  inliers.  Faults, 
by  causing  an  upthrow  or  downthrow  of  beds,  may  bring 
them  into  such  positions  that  portions  are  afterwards 
isolated  by  erosion.  Thus,  if  the  beds  in  figs.  206  and  207 
were  traversed  by  a  strike-fault  along  the  line  marked  f  f, 
instead  of  being  bent  into  an  anticlinal,  an  inlier  might 
still  be  produced  by  erosion,  though,   in  that  case,  its 
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of  limestone,  the  beds  of  which  are  bent  into  an  anticlinal 
cunre,  which  becomes  ahnost  a  periclinal  at  the  north  end 
of  the  hilL  The  surrounding  escarpments  are  formed  bj 
the  outcrop  of  several  beds  of  hard  grit  and  sandstone  in- 
terstratifiied  with  softer  shales,  while  it  is  along  the  course 
of  the  latter  that  the  valleys  of  the  district  have  been  exca- 
vated. The  dependence  of  physical  features  upon  geolo- 
gical structure  is  here,  therefore,  excellently  illustrated. 

From  the  map  (fig.  209)  it  is  seen  that  the  country  is 
traversed  by  two  main  lines  of  fault,  which,  together  with 
a  cross  fault  on  the  north-west,  completely  cut  off  the 
Crich  Hill  area  from  the  surroimding  district.  The  tri- 
angular tract  bounded  by  these  faults  has  been  pushed 
bodily  upwards,  or  else  the  tracts  on  each  side  have  been 
let  down,  till  the  upper  surface  of  the  limestone  (1)  was 

R.  Derwent, 


Fig.  210.    Section  through  Crich  Hill. 
Along  the  line  A  B  in  fig.  209. 

raised  above  the  level  of  the  sandstone  (6),  as  shown  in 
the  section  (fig.  210)  along  the  line  a  b.  Furthermore, 
during  the  process  of  erosion  and  denudation  by  which  the 
physical  features  of  the  country  have  been  produced,  the 
whole  of  the  beds,  2,  3,  4,  5,  6,  7,  have  been  removed  from 
the  surface  of  the  limestone  that  forms  Crich  Hill,  so  that 
this  satisfies  the  definition  of  an  inlier,  and  becomes  a 
measure  of  the  amount  of  the  denudation  that  has  taken 
place. 

The  thickness  of  beds  2  to  7  is  here  about  700  feet,  but 
as  they  dip  eastward  they  are  covered  by  coal-measures  to 
a  depth  of  nearly  3,000  feet,  and  all  these  must  originally 
have  been  continuous  over  the  top  of  Crich  Hill,  and  across 
the  great  anticlinal  axis  of  the  Pennine  Hills  into  Cheshire 
and  North  Staffordshire.  In  the  latter  counties  the  beds 
above  the  limestone  are  very  much  thicker,  so  that  the 
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thickness  of  rock  removed  from  the  western  slope  of  the 
Derbyshire  Hills  must  have  been  in  some  places  more 
than  8,000  feet. 

4.  Mountain  Chains, — A  mountain  chain  differs  from  a 
range  of  hills,  not  onlj  in  its  greater  height  and  breadth, 
but  in  its  geological  structure.  We  have  seen  that  a  range 
of  hills  can  be  carved  out  of  a  set  of  gently  inclined  strata, 
for  many  escarpments  form  ranges  of  hills,  such  as  the 
Cotteswolds  and  the  Chiltem  HUls ;  or  out  of  undulated 
strata,  as  in  fig.  194 ;  or  out  of  a  single  broad  anticlinal 
fold,  like  that  of  Derbyshire  or  the  Men<£p  Hills ;  or,  finally, 
out  of  any  mass  of  rock  that  is  harder  than  the  surround- 
ing strata.  A  mountain  chain,  on  the  other  hand,  always 
consists  of  a  number  of  parallel  folds,  and  has  been  so 
ridged  up  that  the  oldest  rocks  are  always  found  along 


Fig.  211.    Diagram  showing  three  Periods  of  Upheaval. 

the  central  axis  of  the  chain.     The  appearances  are  those 
of  great  lateral  compression,  for — 

1.  The  principal  flexures  are  paraUel  to  the  length  of  the 
chain. 

2.  The  plication  and  contortion  of  the  strata  is  always 
greatest  near  and  along  the  central  axis. 

3.  The  rocks  composing  the  central  axis  generally  show 
signs  of  pressure-metamorphism. 

Again,  mountain  ranges  have  generally  been  formed  by 
several  successive  uplifts  at  different  periods  of  geological 
time.  Thus  fig.  211  may  be  taken  as  a  diagram  section 
through  a  mountain  chain,  a,  h,  c,  d,  being  so  many  distinct 
formations,  each  unconformable  to  the  other,  and  belonging 
to  different  geological  periods.  It  will  be  seen  that  a  had 
been  flexured  and  raised  into  dry  land  before  the  forma- 
tion of  6,  but  was  not  then  a  mountain  range ;  a  second 
period  of  upheaval,  initiating  the  range,  occurred  after  the 
formation  of  h ;  and  a  third,  completing  the  uplift,  took 
place  in  the  interval  between  the  periods  of  c  and  d. 
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It  can  often  be  proved  that  the  total  amount  of  rock  re- 
moved  from  the  central  axis  of  a  mountain  range  is  enor- 
mous. Captain  Dutton  has  recently  estimated  tibe  amount 
of  rock  removed  from  the  Bocky  Mountains  of  the  Colo- 
rado region  since  their  first  upheaval,  and  believes  it  to 
have  averaged  10,000  feet  in  thickness  over  an  area  of 
13,000  to  15,000  square  miles  in  extent.  The  Alps  date 
from  a  still  more  recent  period  than  the  Bocky  Mountains  ; 
but  the  compression  to  which  the  rocks  composing  them 
have  been  subjected  seems  to  have  been  much  greater,  and 
therefore  the  total  amount  of  vertical  upheaval  along  their 
axis  has  probably  been  greater  than  in  the  case  of  the 
American  range ;  but  as  the  average  height  of  the  Alps  is 
not  much  greater,  the  amount  of  denudation  must  have 
been  greater  in  their  case.  This  inference  is  borne  out  by  the 
facts,  for  the  thickness  of  the  sedimentary  deposits  affected 
by  the  upheaval  of  the  Alps,  and  exposed  by  denudation, 
has  been  estimated  at  about  50,000  feet ;  and  this  thick- 
ness may  be  regarded  as  the  amount  of  rock  removed  from 
the  summits  of  the  Alps  since  their  first  upheaval. 

It  is  necessary  to  guard  the  student  against  supposing 
that  the  removal  of  50,000  feet  of  rock  from  a  mountain 
range  means  that  the  range  must  have  been  50,000  feet 
high  at  some  period  of  its  history.  It  need  never  have 
been  much  higher  than  it  now  is,  because  the  two  pro- 
cesses of  upheaval  and  degradation  have  gone  on  together^ 
and  it  was  only  in  consequence  of  the  repeated  upheavals 
that  so  great  a  thickness  of  rock  was  removed.  The  process 
may  be  compared  to  the  uprising  of  an  iceberg  out  of  the 
water,  in  proportion  as  the  top  is  melted  away  by  the  sun, 
or  to  a  piece  of  machinery,  one  part  of  which  raises  a 
block  of  wood  or  metal,  while  another  part  planes  off  the 
siirface  of  the  material  as  fast  as  it  is  brought  within  its 
reach. 

Mountain  ranges,  therefore,  differ  from  other  hills  as 
being  mountains  notwithstanding  and  in  spite  of  the 
immense  amount  of  detrition  and  denudation  which  has 
taken  place  over  and  aroimd  them. 

General  Conclusions. — From  what  has  been  said  in 
this  and  preceding  chapters  the  reader  will  be  prepared 
to  accept  the  statement  that  almost  all  the    external 
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features  of  the  land,  hills,  glens,  vaUeys,  and  plains  have 
been  prodnced  bj  erosion.  Their  form  is  a  sculptured 
form,  carved  out  of  the  rocks  bv  the  operation  of  all  those 
agencies  which  have  been  described  in  the  earlier  chapters 
of  this  work.  These  agents  combine  to  form  a  great  sur- 
face*carving  machinery,  and  the  disturbing  forces  which 
result  in  the  upheaval  of  land  are  chiefly  efficient  in  bring- 
ing the  rock  within  the  influence  of  the  erosive  agents,  and 
are  seldom  productive  of  any  direct  effect  upon  the  form 
of  the  ground. 

The  only  exceptions  to  the  rule  that  the  form  of  the 
ground  is  due  to  detrition  and  erosion,  are  to  be  found  in 
the  alluvial  flats  and  deltas  of  rivers,  in  hills  of  blown 
sand,  in  areas  covered  by  glacial  moraines,  and  in  the 
cones  of  active  volcanoes  on  which  the  rain  has  not  yet 
produced  any  appreciable  effect. 

It  must  be  remembered,  however,  that  in  the  case  of 
mountain  chains,  though  the  forms  of  the  peaks  and 
vaUeys  are  the  work  of  erosive  agencies,  yet  the  existence 
of  the  range  itself  is  due  to  the  force  which  has  caused  its 
elevation.  Fig.  211  has  been  given  as  a  simplified  section 
across  such  a  range,  and  though,  of  course,  their  structure 
is  in  reality  much  more  complicated,  still  the  diagram  will 
serve  to  explain  the  process  of  their  formation  and  to  show 
what  is  meant  by  hills  of  ti^Kea/val  compared  witli  hiUs  of 
eireum-deirUian,  which  have  been  amply  illustrated  by  the 
preceding  figs.  191,  192,  194.  Detrition  may  have  been 
equally  active  in  both  cases,  and  indeed  the  amount  of 
material  removed  may  have  been  greater  in  the  former 
than  in  the  latter  case ;  but  the  comparative  elevation  of 
the  ground  is  in  the  latter  chiefly  caused  by  the  removal 
of  the  sturrounding  parts,  while  in  the  former  the  hills 
would  have  been  more  lofty  if  the  detritive  agents  had 
been  less  active. 

To  sum  up,  therefore,  the  principal  features  of  the 
earth's  surface  may  be  thus  classified  according  to  their 
mode  of  origin. 

Valleys  are  of  one  kind  only ;  they  have  all  been  formed 
by  the  erosive  action  of  rain,  springs,  and  rivers. 

Plains  are  of  two  kinds:  1,  plains  of  construction; 
2,  plains  of  erosion. 
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Plains  of  construction  are  such  as  are  formed  bj  the 
undisturbed  extension  of  beds  which  retain  the  original 
horizontalitj  of  deposition.  River  deltas  and  alluyial 
flats,  fens,  marshes,  and  silted-up  lakes,  are  instances  of 
such  plains.  In  this  class  maj  also  be  included  the  slightlj* 
inclined  or  undulating  surfaces  sometimes  produced  by 
the  elevation  of  a  shallow  sea-bottom  which  special  local 
causes  have  exempted  from  the  action  of  marine  erosion ; 
such  are  the  Pampas  of  South  America,  the  Tundras  of 
Siberia,  and  large  tracts  of  Russia  and  Poland. 

Plains  of  erosion  are  those  which  have  been  formed  bj 
marine  erosion  across  the  edges  and  outcrops  of  strata 
without  reference  to  their  inclination,  flexures,  or  fractures. 
The  J  are  surfaces  of  planation  formed  by  the  march  of  the 
sea  across  the  country.  The  limestone  plains  of  central 
Ireland  may  be  cited  as  an  instance,  and  the  country  bor* 
dering  the  rivers  Rhine  and  Moselle  is  another. 

Hills  are  of  three  kinds:  1,  hills  of  accumulation; 
2,  hills  of  circum-detrition  ;  8,  hills  of  upheaval. 

Hills  of  accumulation  are  such  as  have  been  formed  by 
the  piling-up  of  materials  upon  the  surface  of  the  ground. 
Volcanoes  are  the  most  important  instances.  (See  plate 
at  the  end  of  the  volume.)  Sand-hills  heaped  up  by  the 
action  of  wind  on  drifting  sand  come  under  the  same 
cate^oiy. 

Hills  of  circum-detrition  are  such  as  have  been  left  by 
the  removal  of  the  surrounding  rocks,  or  are  isolated  by 
valleys  of  erosion. 

HiUs  of  upheaval  are  those  formed  by  the  elevation  of  a 
central  axis  faster  than  it  can  be  worn  down  by  detritive 
agencies. 


CHAPTER  V. 

THE   OBiaiN    OF   LAKES. 

THE  origin  of  the  hollows  or  troughs  in  which  water 
accumulates  to  form  lakes  has  long  engaged  the 
attention  of  geologists,  and  it  is  now  generallj  recognized 
that  such  hollows  have  been  formed  in  many  different 
ways.  In  the  first  place  lakes  may  be  divided  into  three 
different  classes,  according  to  their  position  in  relation  to 
the  larger  physical  features  of  the  country,  as  follows : — 

I.  Plain  and  Plateau  lakes. 
II.  Valley  lakes. 
III.  Crater  lakes. 

In  the  first  class  may  be  placed  all  those  lakes,  whether 
large  or  small,  which  do  not  lie  in  the  course  of  a  definite 
and  continuous  valley.  In  the  second,  those  which  do  lie 
in  such  a  valley.  These  two  classes  include  by  far  the 
larger  number  of  lakes  which  exist,  for  the  third  class 
only  includes  those  which  lie  in  the  craters  of  extinct 
volcanoes,  and  the  origin  of  these  being  obvious,  we  need 
not  further  consider  them. 

I.  Plain  and  Plateau  Lakes. — There  are  at  least 
three  ways  in  which  such  lakes  may  have  been  formed ; 
the  hollows  in  which  they  lie  may  be  due  to :  (1)  original 
irregularity  of  the  surface;  (2)  unequal  elevation;  (3) 
subsidence  from  solution  of  underlying  rock. 

1.  Original  Irregularity  of  Surface, — We  know  that  the 
sea-floors  of  the  present  day  are  by  no  means  regular 
slopes  or  plains,  but  exhibit  ridges  and  reefs,  hollows  and 
troughs,  of  various  sizes  and  shapes.  Some  of  these  are 
probably  ancient  hollows  formed  when  the  sea-floor  was  a 
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land  surface,  and  not  yet  filled  up  ;  but  many  are  simply 
due  to  the  action  of  currents  and  to  the  unequal  deposition 
of  material.  When  the  sea-bottom  is  again  raised  into 
land  some  of  these  hollows  will  be  occupied  by  fresh  water 
and  will  become  lakes. 

Unequal  surfaces  of  deposition  are  specially  charac- 
teristic of  deposits  laid  down  by  the  agency  of  ice,  whether 
land-ice  or  sea-ice  ;  deposits  so  formed  always  present  an 
irregular  hummocky  surface,  in  the  hollows  of  which  water 
naturally  accumulates  when  the  surface  again  becomes  dry 
land.  Such  surfaces  are  common  all  over  the  northern 
parts  of  Europe  and  North  America. 

Lakes  occupying  hollows  which  have  once  been  portions 
of  sea-floors  are  not  infrequent.  Thus  there  is  good  reason 
to  believe  that  the  whole  of  Central  Asia  was  once  a  sea 
comparable  to  the  Mediterranean,  the  lakes  both  salt  and 
fresh  which  now  exist  there  being  merely  the  deeper  por- 
tions of  that  sea,  for  the  creatures  which  live  in  them  are 
chiefly  marine  types.  Crustacea  belonging  to  marine 
genera  also  exist  in  Lake  Wener  (Sweden),  in  Lake 
Superior,  and  even  in  Lake  Titicaca  (Peru).  The  last  is 
12,500  feet  above  the  sea,  but  several  species  of  a  small 
Crustacean  called  Allorchestes  occur  in  it,  one  of  which  is 
identical  with  a  form  still  living  in  the  Straits  of  Magellan. 
In  all  these  cases  the  conclusion  has  been  drawn  that 
they  were  hollows  filled  originally  with  sea-water,  which 
lias  been  so  gradually  replaced  by  fresh  water  during  the 
elevation  of  the  country  that  some  of  the  marine  creatures 
were  able  to  accommodate  themselves  to  the  change  of 
-conditions. 

2.  Unequal  Elevation, — ^No  part  of  the  earth's  surface 
-seems  to  have  been  stationary  for  a  very  long  period  of 
time,  speaking  in  a  geological  sense,  and  as  movements 
of  upheaval  or  subsidence  affect  limited  areas,  it  often 
bappens  that  elevation  is  proceeding  in  one  area  while  a 
neighbouring  area  is  stationary  or  sinking ;  consequently 
if  the  two  areas  form  part  of  one  continental  region,  the 
surface  of  this  region  is  being  slowly  tilted.  Such  a  tilt 
may  only  increase  the  original  slopes,  but  on  the  other 
hand  it  may  have  a  contrary  effect,  and  may  even  reverse 
the  slope  of  the  lower  and  more  level  parts  of  the  region. 
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It  is  obyious  that  in  such  a  case  the  whole  drainage  of  the 
country  will  be  altered,  and  lakes  are  likely  to  be  formed 
during  the  process. 

It  has  recently  been  suggested  by  Mr.  H.  H.  Howorth 
that  such  a  reversal  of  the  drainage  and  general  slope  of 
the  country  has  taken  place  in  Northern  Asia.'  He  thinks 
that  when  the  Mammoth  liyed  in  Siberia  part  of  the  Polar 
Sea  was  land,  and  the  Siberian  rivers  flowed  southward 
into  the  Central  Asian  Sea  mentioned  above ;  the  present 
arrangement  being  a  reversal  of  the  drainage  conse* 
quent  upon  the  elevation  of  the  central  plateaux  and  the 
subsidence  of  the  Arctic  part  of  Asia.  If  this  view  is 
correct  some  of  the  Siberian  lakes  may  have  been  formed 
during  this  gradual  change  of  slope. 

3.  Unequal  Weathering — It  was  stated  in  Part  L,  Chap- 
ter YI.,  that  in  the  process  of  weathering  or  disintegra- 
tion by  atmospheric  agencies  some  rocks  were  decomposed 
to  a  great  depth.  This  is  especially  the  case  with  coarse 
felspathic  rocks,  like  Granite,  Syenite,  and  Gneiss;  and 
Pumpelly  has  called  attention  to  the  fact  that  where  such 
Tocks  have  been  exposed  to  this  weathering  process  for  a 
long  time  incipient  rock-basins  are  formed.  He  points 
out  that  the  surface  of  the  solid  rock  below  the  decom- 
posed  portionB  is  Teiy  irregular,  here  rising  into  mounds 
Hud  ridges,  there  falling  into  hoUows  and  troughs,  ac- 
cording as  the  rain-water  has  been  directed  toward  certain 
places  and  along  certain  lines,  and  as  its  action  has  been 
helped  by  the  presence  or  absence  of  vegetation,  or  by 
differences  in  the  durabilitv  of  the  rock  itself.  It  is  clear, 
therefore,  that  if  the  loose  and  decomposed  parts  of  such 
rock  were  removed  by  any  detersive  agency  the  underlying 
depressions  might  eventually  be  converted  into  lakes.  He 
specially  indicates  certain  enclosed  basins  in  crystalline 
rocks  in  Asia  as  having  been  formed  by  the  unequal  decay 
of  the  rock  and  the  removal  of  the  residual  materials  by 
the  wind.* 

In  the  northern  parts  of  both  hemispheres  there  are 
large  tracts  of  granite  and  gneissic  rock,  and  before  the 

>  "  Geol.  Mag.,"  Dec  3,  vol.  vii.  (1890),  pp.  5  and  438. 
3  *<  Amer.  Joani.  Science,"  third  eeries,  voL  xviL  p.  139. 
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advent  of  the  Glacial  period  or  Great  Ice  Age,  of  which 
mention  was  made  on  p.  155,  all  these  surfaces  must  have 
been  more  or  less  weathered  in  the  manner  described. 
During  that  period  many  of  these  tracts  were  swept  by 
enormous  glaciers  and  sheets  of  ice,  and  the  higher  por- 
tions of  them  were  left  in  the  condition  of  bare  rocky 
surfaces  smoothed  and  rounded  by  the  passage  of  ice,  all 
the  loose  rock  and  soil  having  been  carried  down  to  lower 
levels.  These  rocky  surfaces  are  now  covered  with  lakes 
and  tarns,  lying  not  only  in  the  course  of  the  valleys, 
but  scattered  on  the  slopes  of  hills  and  on  the  backs  of 
broad  ridges. 

Such  rock-tarns  have  been  attributed  by  Sir  A.  Bamsay 
and  other  geologists  to  the  direct  action  of  ice,  without 
due  consideration  of  the  probable  previous  condition  of 
the  surface,  and  ice  has  consequently  been  credited  with  a 
power  of  excavation  far  in  excess  of  that  which  it  really 
possesses.  No  one  can  doubt  that  the  present  surface  of 
these  districts  has  been  swept  and  modelled  by  land-ice, 
but  it  does  not  follow  that  the  hollows  or  rock-basins  in 
which  the  lakes  lie  were  actually  formed  by  the  ice.  In 
the  author's  opinion  the  hollows,  or  most  of  them,  were 
pre-existent,  though  filled  with  deposits  or  with  decom* 
posed  rock  ;  the  ice  only  acted  as  a  denudant,  using  that 
term  in  fts  proper  sense  of  laying  bare  a  previously  formed 
surface :  it  was  not  the  chisel  which  formed  the  surface, 
but  only  the  rasper  which  has  scraped  it  clean.  To  this 
point  we  shall  recur  in  the  sequel.  We  are  now  dealing 
only  with  those  lakes  which  do  not  lie  in  valleys. 

The  extraordinary  number  of  such  lakes  and  tarns  in 
certain  parts  of  Scotland  and  Scandinavia  ought  to  have 
suggested  that  some  previous  agency  had  been  at  work. 
We  have  Sir  A.  Geikie's  testimony  that  in  the  north-west 
of  Scotland  "the  surface  of  the  Archaean  gneiss  is  so 
thickly  sprinkled  with  them  that  many  tracts  consist 
almost  as  much  of  water  as  of  land,"  and  in  illustration 
he  gives  a  map  of  part  of  the  island  of  Lewis,^  remarking 
also  that  the  tarns  occur  not  only  in  the  lines  of  drainage, 
but  are,  as  it  were,  scattered  broadcast  over  the  land. 

^  '*  Scenery  of  Scotland,''  second  edition,  p.  240. 
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Their  extraordinary  abundance  ceases,  however,  to  be  so 
surprising  if  we  realize  the  kind  of  surface  which  would 
be  left  on  the  remoyal  of  all  loose  and  rotten  rock  from  a 
district  composed  of  gneiss. 

4.  Local  Solution  <^  Bock, — There  are  two  kinds  of  rock 
which  are  eminentlj  soluble  in  water,  namely,  Bock-salt 
and.  Limestone,  the  former  not  even  requiring  the  presence 
of  acids.  Lakes  are  common  in  all  regions  where  either 
of  these  rocks  occupy  much  space,  whether  at  or  below  the 
surface.  Small  lakes  are  known  to  have  been  formed  in 
Cheshire  by  the  sinking  in  of  the  surface  at  certain 
localities  in  consequence  of  the  abstraction  of  the  rock* 
salt  below. 

The  solution  of  limestones  and  the  formation  of  cayems 
by  underground  waters  has  been  described  on  p.  117,  and 
the  occasional  falling  in  of  subterranean  watercourses  was 
also  mentioned.  Such  falling  in  is  especially  likely  to 
occur  where  a  swallow-hole  or  line  of  swallow-holes  has 
been  established  above  a  cavern,  and  when  the  roof  has 
given  way  an  open  cavity  of  considerable  size  may  be  left 
So  long  as  the  water  running  into  it  has  a  free  exit  this 
would  not  form  a  lake ;  but  if  the  level  of  the  country  was 
subsequently  lowered,  so  that  the  water-level  in  the  lime- 
stone was  raised,  and  the  free  drainage  impeded,  lakes 
might  be  formed  in  such  cavities,  and  indeed  in  any  part 
of  the  limestone  area  which  lay  below  the  new  water-level, 
and  the  hollow  once  occupied  by  water  would  certainly  be 
enlarged  by  surface  solution,  especially  where  water  from 
peat-bogs  drained  into  it.  Such  is  probably  the  origin  of 
most  of  the  lakes  in  the  limestone  districts  of  Lreland. 

n.  Valley  Lakes. — ^The  greater  number  of  lakes,  and 
especially  of  smaller  lakes,  Ue  within  valleys,  but  it  is 
impossible  to  attribute  the  formation  of  such  lake-basins 
to  the  agent  which  has  excavated  the  valleys,  namely, 
running  water ;  nor  can  we  suppose  that  every  such  basin 
is  the  site  of  a  local  subsidence.  The  following  are  the 
chief  causes  which  have  contributed  to  the  formation  of 
valley-lakes. 

1.  Deformation  of  VaZtey-floors. — During  the  formation 
of  a  mountain  chain  the  successive  applicaxions  of  lateral 
pressure  to  the  flanks  of  the  chain  may  cause  anticlinal 
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uplifts  across  the  preyiouslj-formed  rallejs.  We  haVe 
seen  that  in  manj  cases  such  uplifts  are  so  gradual  that 
the  streams  have  time  to  cut  through  them ;  but  if  the 
uplift  was  more  rapid,  or  if  it  produced  a  fault-cliff,  or  if 
it  occurred  where  the  vallej-slope  was  already  very  Blight, 
it  might  giye  rise  to  the  formation  of  a  laJce,  for  every 
such  anticlinal  ridge  has  its  corresponding  synclinal  trough 
behind  it,  and  the  lake  would  of  course  be  formed  in  tibe 
trough.  Besides  the  lateral  or  longitudinal  flexures,  croB^ 
flexures  are  often  produced  during  the  earth-movements 
concerned  in  the  uplift  of  a  mountain  range,  and  these 
flexures  will  be  transverse  to  the  longitudinal  vaUeys, 
tending  to  the  formation  of  lakes  in  such  valleys. 

Professor  Bonney  considers  that  all  the  larger  Alpine 
lakes  have  been  originated  by  such  flexures,^  and  hia 
arguments  have  never  been  answered  by  those  who  ascribe 
them  to  the  action  of  ice. 

Again,  mountain  chains  may  be  said  to  have  their  youth, 
prime,  and  old  age,  and  certain  districts  of  ancient  rocks 
may  be  regarded  as  the  worn-down  stumps  of  old  moun* 
tain  chains.  The  valleys  of  such  ancient  ranges  may,  in 
the  course  of  ages,  have  been  so  bent  and  deformed  by 
the  numerous  subsidences  and  upheavals  they  have  ex- 
perienced, that  on  their  final  upheaval  to  form  part  of  the 
present  surface  they  ceased  to  form  effective  lines  of 
drainage,  becoming  merely  long  troughs  in  the  midst  of  a 
mountain  region,  with  uneven  floors,  in  the  hollows  of 
which  lakes  are  formed.  The  Great  Glen  which  traverses 
Scotland  from  Loch  Linnhe  to  Moray  Firth,  and  which 
contains  Loch  Ness  and  Loch  liockj,  is  a  valley-like 
trough  which  could  not  be  formed  under  existing  geo* 
graphical  conditions :  it  is  doubtless  a  fragment  of  a  very 
old  valley  system  established  when  the  Highlands  formed 
part  of  a  great  mountain  range  that  extended  from  Lreland 
to  Norway,  and  bordered  a  North  European  continent. 
It  appears  to  be  part  of  a  longitudinal  valley,  and  its 
original  slope  was  probably  to  the  north-west;  but  its 
floor  has  been  faulted,  flexed,  and  distorted  in  various 
ways  and  at  various  periods. 

^  *'  Quart.  Jottm.  GeoL  Soc,"  vol.  xxix.  p.  383,  and  xxx.  p.  410. 
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Many  other  Scotch  lochs  may  safely  be  ascribed  to  the 
deformation  of  ancient  valleys,  and  the  fact  that  rock-basm 
lakes,  {,€,,  lakes  entirely  enclosed  by  hard  rocks,  are  most 
abundant  on  those  parts  of  the  earth's  surface  which  con- 
sist of  the  older  rocks,  is  a  confirmation  of  the  view 
that  some  of  them  are  due  to  the  accumulated  effects  of 
flexures  and  earth-movements. 

2.  Svheidencefrom  Solution. — Thef ormation  of  lake  basins 
in  this  manner  has  already  been  described,  aild  it  is  obvious 
that  such  hollows  are  just  as  likely  to  be  formed  in  the 
valleys  as  on  the  plains  of  a  limestone  or  salt  rock  district. 
Dr.  Irving  informs  me  that  the  extent  to  which  the  present 
Alpine  valleys  are  underlain  by  beds  of  gypsum  and  rock- 
salt  is  shown  by  a  series  of  models  exhibited  in  the  Geol. 
Keichsamtalt,  in  Vienna. 

Dr.  Credner  mentions  the  case  of  the  Yisp-Thal,  in 
Canton  Wallis,  where  a  series  of  landslips  accompanied  by 
small  earthquakes  continued  for  a  whole  month  in  the  year 
1855,  and  were  caused  by  the  undermining  of  the  valley 
by  the  removal  of  gypsum  in  solution.  The  district  contains 
twenty  gypsiferous  springs,  and  one  of  these  alone  brings 
up  over  200  cubic  metres  of  calcium  sulphate  per  annum. 

3.  Blocking  of  Valleys  by  Landslips. — That  lakes  have  fre- 
quently been  produced  in  this  way  has  been  mentioned  on 
p.  122.  The  lake  of  Derborence  is  known  to  have  been 
formed  by  huge  falls  of  rock  from  the  peaks  of  the 
Diablerets  (Bernese  Alps),  which  blocked  the  course  of  the 
river  Liceme. 

Lake  Alleghe,  in  South  Tyrol,  was  formed  by  a  landslide 
from  Monte  Pizzo  in  1771  which  heaped  itself  across  the 
vaUey  below,  and  barred  the  course  of  the  stream.  The 
Lago  Nuovo,  near  Primiero,  in  South  Tyrol,  is  another  in- 
stance, the  fall  of  rock  coming  from  the  Cima  d'Asta  on 
the  western  side  of  the  valley  J 

The  lakes  produced  by  the  landslips  which  fell  during 
the  Galabrian  earthquakes  of  1733  have  been  mentioned 
on  p.  56 ;  and  evidences  of  the  former  existence  of  lakes 
may  be  seen  behind  several  of  the  more  ancient  landslips 
in  the  Alps,  that  at  Flims,  for  instance. 

^  <<  The  Dolomite  Mountains,"  by  Gilbert  and  Churchill,  p.  451. 
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It  is  not  always  easy  to  ascertain  whether  a  lake  is  a 
rock-basin,  or  wholly  or  partially  upheld  by  a  moraine  dam. 
Thus  Lake  Constance  (the  Boden  See)  was  regarded  by 
Bamsay  as  a  rock-basin,  but  it  has  recently  been  ascer- 
tained that  there  is  a  mass  of  glacial  detritus  beneath  the 
town  of  Constance,  and  that  in  all  probability  the  lake- 
bottom  is  a  moraine-blocked  vaUey,  or  at  any  rate  that 
the  moraine  helps  to  hold  up  the  water.  The  Achensee  in 
North  Tyrol  is  another  curious  case ;  here  the  pre-glacial 
valley  has  been  completely  blocked  by  the  glacial  d^ris 
which  has  been  brought  down  a  lateral  valley,  and  now 
forms  the  pass  of  Maurach  at  the  south  end  of  the 
lake,  only  about  40  feet  above  its  surface.  This  accumula- 
tion is  believed  to  have  reversed  the  drainage,  the  present 
outlet  of  the  lake  being  at  the  north  end,  while  the 
ancient  stream  flowed  southward  through  the  Jenbach 
gorge  into  the  river  Inn.^ 

5.  Erosion  of  Bock'hasins  hy  Ice, — Sir  A.  Bamsay's 
theory,  that  many  lake-basins  have  been  actually  excavated 
out  of  solid  rock  by  ancient  glaciers,  has  been  previously 
mentioned  (see  p.  159  and  p.  624),  and  it  was  stated  that 
the  arguments  by  which  the  theory  was  supported  cannot 
be  regarded  as  conclusive.  The  case  for  the  agency  of  ice 
could  not  be  put  better  than  in  the  cautious  and  guarded 
words  of  Sir  A.  Oeikie,  who  says  "  that  glaciers  have 
occupied  the  glens  where  these  lakes  exist,  and  have  worn 
down  the  rocks  along  the  sides  and  bottom  of  the  cavities, 
cannot  be  doubted ;  but  whether  the  ice  would  be  capable 
by  itself  of  eroding  hollows  so  deep  as  many  of  these  lakes 
is  a  question  which  has  been  answered  with  equal  confi- 
dence affirmatively  and  negatively."  He  thinks  it  proved 
that  '*to  some  extent  at  least  the  rock-basins  [of  glen-lakes] 
have  certainly  been  eroded  by  ice,"  and  that  when  all  the 
circumstances  of  their  position  are  considered,  "one  cannot 
but  feel,  though  the  problem  is  not  wholly  solved,  that 
rock-basins  are  inseparably  interwoven  with  the  glaciation 
of  the  regions  in  which  they  occur."  *  With  these  remarks, 
so  far  as  they  refer  to  the  deepening   of    glen-lakes, 

*  See  Penck,  "  Glaciation  of  the  Northern  Alps." 

^  "  Scenery  of  Scotland,"  second  edition,  1887,  pp.  231-234. 
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everyone  can  agree,  and  it  is  also  quite  possible,  as  he 
suggests  on  a  later  page,  that  in  a  vfdlej  which  traverses 
an  alternating  series  of  hard  and  soft  rocks,  the  glacier 
which  occupied  it  maj  have  worn  down  the  soft  rocks 
below  the  level  of  the  dianneLmade  by  the  stream  it  dis- 
placed, and  under  such  conditions  may  have  actually  have 
excavated  a  shallow  rock-basin. 

While,  therefore,  it  may  be  admitted  that  under  very 
favourable  circumstances  a  glacier  may,  perhaps,  have 
originated  a  shallow  rock-basin,  there  can  be  no*  doubt 
that  Sir  A.  Bamsay  pressed  his  theory  too  far.  It  is 
generally  admitted  that  in  confined  valleys  glaciers  are 
powerful  detrusive  agents,  and  are  quite  capable  of  sweep- 
ing out  any  loose  detritus  or  decomposed  rock  which  lies 
in  their  path,  and  this  is  quite  sufficient  to  account  for  the 
phenomena  presented  by  areas  where  lakes  abound*  In 
every  country  the  pre-glacial  surface  must  have  supported 
many  lake-basins  of  ancient  date,  which  were  more  or  less 
filled  with  sediment,  and  also  many  tracts  of  rock  which 
had  been  deeply  but  unevenly  weathered ;  all  these  would  be 
cleared  out  by  the  glaciers  as  they  increased  in  size  and 
weight,  and  when  the  ice-age  had  passed  away  they  would 
be  left  as  dean-swept  basins  and  depressions  bearing  all 
the  well-known  marks  of  the  passage  of  ice.  As  already 
mentioned,  this  seems  to  have  been  the  history  of  most  of 
the  lakes  and  tarns  that  abound  in  glaciated  regions. 

-y  NoTB. — It  has  recently  been  uhuuuftby  Dr.  J.  W.  Spencer 

<X^c^  M/  (  that  the  great  lakes  of  North  America  owe  their  origin  in 

the  first  instance  to  the  blocking  of  ancient  valleys  by 
Boulder-clay;  but  that  their  present  levels  and  contours 
are  due  to  a  subsequent  unequal  elevation  of  the  region, 
the  uplift  being  greater  to  the  north-east.  Dr.  Spencer 
thinks  that  Lake  Erie  was  formed  entirely  by  this  differen* 
tial  uplift^ 

*  See  "Quart.  Joom.  Geol.  Soc.,*'  vol.  xlvi.  p.  523,  and  "GeoL 
Mag.,"  1891,  p.  262. 


CHAPTEE  VI. 

THE  FORMATION   OF   COHTINBKTS  AND   MOUNTAIN    CHAINS. 

HAYING  in  the  preyioas  chapters  explained  how  the 
surface  of  the  land  is  sculptured  into  hill  and  vallej, 
peak  and  pass,  we  may  conclude  by  approaching  a  more 
difficult  subject,  namely,  the  manner  in  which  the  conti- 
nents themselves,  and  the  mountain  chains  which  form 
part  of  them,  have  been  raised  into  their  present  positions. 
This  will  take  us  out  of  the  sphere  of  observational  geology 
and  carry  us  into  the  realm  of  speculative  science,  where 
concSiu.  can  only  be  x^garderas  matters  of  fair  pro- 
bability. 

General  Form  of  Continents. — ^Let  us,  in  the  first 
place,  glance  at  the  general  arrangement  of  the  larger 
features  of  the  earth's  surface.  It  is  well  known  that 
nearly  three-fourths  of  this  surface  are  depressed  below  the 
rest,  and  are  covered  by  salt  water.  These  depressions  are 
called  Oceanic  basins,  and  the  intervening  areas  of  diy  land 
are  termed  Continents  or  Continental  plateaux.  Certain 
portions  of  the  continents  rise  to  a  still  greater  elevation, 
and  form  long  ridges  or  mountain  chains. 

It  has  been  pointed  out  by  Professor  Dana  and  others 
that  the  arrangement  and  reUtive  position  of  oceans,  con- 
tinents, and  mountain  chains  is  peculiar  and  significant. 
The  facts  may  be  stated  as  follows,  and  may  guide  us  in 
considering  the  probable  origin  of  these  great  features. 

1.  Mountain  ranges  are  chiefly  developed  along  the 
borders  of  continents,  and  enclose  basin  or  trough-shaped 
areas. 

2.  The  highest  moimtain  ranges  face  the  deepest  parts 
of  the  oceans. 
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8.  All  mountain  ranges  are  formed  of  rocks  which  haye 
been  subjected  to  enormous  lateral  compression. 

In  support  of  the  first  proposition  we  may  take  a 
brief  glance  at  the  larger  surface-features  of  the  great 
continents. 

North  America  has  the  ranges  of  the  Bockj  Mountains 
and  Sierra  Nevada  on  the  west,  the  Alleghany  range  on 
the  east,  with  the  great  plains  of  the  Mississippi  basin 
between  them. 

8otUh  America  has  the  great  chain  of  the  Andes  all  along 
its  western  border,  the  Brazilian  ranges  on  the  easty  and 
other  mountains  along  the  northern  border,  while  the  cen- 
tral portion  consists  of  low  plains  trayersed  by  great  riTers. 
A  transverse  section  across  the  centre  of  this  continent, 
from  Chili  to  Parana  in  South  Brazil,  would  appear  as  in 
fig.  213. 


— ■■■■■■■■immti 


Fig.  213.    Diagrammatic  Section  throngh  Soath  America, 
a,  Andes,    b,  Brazilian  highlands. 

Africa  has  ranges  of  mountains  parallel  to  all  its  coasts. 
The  interior  of  the  southern  half  of  the  continent  consists 
of  vast  plains,  with  an  elevation  of  from  3,000  to  4,000  feet 
above  the  sea,  and  bounded  on  all  sides  by  mountain 
chains.  The  northern  half  is  of  similar  construction,  but 
the  average  level  of  the  Sahara  desert  is  much  less,  and 
large  parts  of  it  are  between  100  and  500  feet  above  the 
sea. 

The  Europasian  continent  does  not  present  such  regularly 
disposed  ranges  of  mountains.  Nevertheless  we  find  the 
Scandinavian  chain  on  the  north-western  border,  and  a 
succession  of  lofty  ranges  traversing  its  southern  regions — 
viz.,  the  Pyrenees,  Alps,  Balkans,  Caucasus,  Hindoo-Koosh, 
and  Himalayas.  The  northern  part  of  the  continent  presents 
a  series  of  great  plains  which  nowhere  rise  to  more  than 
2,000  feet  above  the  sea  except  in  the  Oural  Mountains  and 
in  the  Scandinavian  range. 

AfistraJia  consists  chiefly  of  plains  of  low  elevation,  with 
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a  range  of  mountains  alon^  its  eastern  border,  a  lesser 
range  of  hills  on  the  west  side,  and  a  central  swell  which 
reaches  to  between  3,000  and  4,000  feet  above  the  sea. 

The  second  statement,  that  the  deeper  parts  of  the  oceans 
are  fronted  by  high  mountain  ranges,  is  supported  by  the 
following  facts : — 

The  Pacific  is  at  once  the  largest  and  the  deepest  ocean ; 
the  northern  part  of  it  has  an  average  depth  of  about 
3,000  fathoms,  or  18,000  feet,  and  the  southern  part  one 
of  about  13,200  feet.  It  is  surrounded  by  a  nearly  con- 
tinuous set  of  mountain  chains :  on  its  eastern  side  are  the 
Andes  and  the  Eocky  Mountains,  the  former  including 
some  of  ihe  highest  summits  in  the  world,  and  the  average 
height  of  its  crests  being  about  12,000  feet.  The  average 
height  of  the  Bocky  Mountain  crests  is  about  10,000  feet ; 
and  the  ocean  outside  both  plunges  rapidly  down  to  over 
12,000  feet,  so  the  total  average  height  of  the  slope  is 
from  22,000  to  24,000  feet. 

The  mountains  of  eastern  Asia  do  not  rise  to  such  great 
heights  above  the  sea  as  those  of  America,  but  there  is 
good  reason  to  regard  Kamskatka  and  the  Japanese  Islands 
as  parts  of  a  submerged  mountain  chain ;  it  is  remarkable 
that  immediately  outside  these  islands  there  isa  long  tract 
where  the  ocean  is  over  4,000  fathoms  deep,  so  that  the 
slope  from  the  ocean  depths  up  to  the  Asiatic  plateaux  is 
about  26,000  feet  high.  The  Philippines,  New  Guinea, 
and  eastern  Australia,  seem  tx)  form  a  continuation  of  this 
submerged  range ;  they  contain  mountains  which  rise  into 
peaks  of  7,000  to  13,000  feet,  while  the  ocean  outside  them 
sinks  to  about  2,000  feet. 

The  Atlantic  Ocean  is  the  next  in  size ;  it  is  divided 
longitudinally  by  a  ridge  over  which  the  average  depth  of 
water  is  only  1,500  fathoms,  while  on  each  side  it  sinks 
into  troughs  which  have  a  mean  depth  of  2,500  fathoms. 
The  mountain  ranges  aroimd  it,  however,  are  comparatively 
low.  The  Brazilian  highlands  reach  to  about  6,000  feet, 
the  Appalachians  to  about  the  same  height,  and  the  average 
height  of  the  West  African  ranges  is  &om  5,000  to  7,000 
feet.  The  slopes  from  the  Atlantic  troughs  up  to  these 
mountain  ranges  have  consequently  an  average  height  of 
21,000  feet,  notwithstanding  the  low  height  of  the  ranges. 
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The  Indian  Ocean  has  an  average  depth  of  about  2,200 
fathoms,  or  18,200  feet.  It  is  bordered  on  the  west  by 
the  high  ranges  of  East  Africa,  which  have  an  average 
height  of  6,000  to  8,000  feet;  it  is  faced  on  the  north 
(India  only  intervening)  by  the  largest  area  of  lofty  land 
in  the  world,  the  great  plateau  of  Central  Asia,  with  the 
range  of  the  Himalayas,  of  which  the  average  crest  height 
is  nearly  15,000  feet.  On  the  north-east  is  the  Malay 
Peninsula  and  Archipelago,  apparently  a  submerged  rauge» 
but  many  peaks  of  which  still  rise  to  12,000  feet,  while 
the  ocean  near  them  sinks  to  3,000  fathoms,  or  18,000 
feet. 

In  contrast  to  these  high  ranges  and  deep  ocean  troughs 
we  have  the  Arctic  Ocean,  of  which  the  average  depth  is 
only  1,000  feet,  and  of  which  large  parts  are  less  than 
600  feet,  these  shallow  waters  being  bordered  by  the  low 
plains  of  Asia  and  Europe.  It  is  noticeable,  too,  that  the 
only  deep  part  of  this  ocean  is  opposite  the  highest  part 
of  Northern  Europe,  namely,  the  Scandinavian  highlands. 

Summary  of  Facts  to  be  accounted  for.— The  evi- 
dence of  the  third  statement  made  on  p.  632  has  been  given 
on  p.  617,  and  the  facts  to  be  accoimted  for  may  be  summed 
up  as  follows. 

The  great  oceans  are  deep  basins,  the  deepest  parts  of 
which  often  run  parallel  to  the  borders  of  the  continents* 
The  continents  are  high  plateaux,  the  mean  height  of  the 
land  above  the  sea,  according  to  Dr.  J.  Murray,  being 
2,200  feet,  and  16,800  feet  above  the  mean  depth  of  the 
ocean-floor.  The  chief  mountain  ranges  of  the  world 
run  along  the  borders  of  the  continents  and  face  the 
deepest  parts  of  the  oceans ;  the  total  average  height  of 
the  slopes  from  these  ocean  depths  to  the  mean  crest  height 
of  the  mountain  chains  is  ^om  20,000  to  26,000  feet. 
The  structure  of  the  mountain  chains  shows  them  to  be 
portions  of  the  crust  which  have  been  ridged  up  by  lateral 
compression,  so  that  they  always  consist  of  bent  and  con- 
torted strata  (see  p.  617,  and  flg.  211). 

Further,  mountain  chains  appear  to  have  roots — that  is, 
the  crust  appears  to  be  thicker  beneath  them  than  it  is  else- 
where. There  are  two  considerations  which  lead  to  this 
conclusion :  a.  The  fact  that  mountain  chains  attract  the 
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plumb-line,  but  in  a  degree  less  than  is  proportionate  to* 
their  risible  mass.  It  has  been  calculated  how  mucb 
attraction  ought  to  be  attributed  to  the  mass  of  the  Hima- 
layas, and  it  was  found  that  thej  ought  to  have  attracted 
the  plumb-line  more  than  they  actually  did.  Sir  O.  B. 
Airy  has  explained  this  anomaly  by  the  supposition  that 
there  is  a  still  greater  protuberance  of  rock  downwards 
into  a  denser  yielding  substratum  than  there  is  upward 
into  the  air.  b.  That  pointed  out  by  Mr.  O.  Fisher,  that 
the  downward  increment  of  temperature  is  less  beneath 
mountains  than  beneath  plains,  as  it  shoidd  be  if  there 
were  a  greater  thickness  of  rock  beneath  the  former.^ 

We  have  now  to  consider  the  explanations  which  have 
been  put  forward  to  explain  the  facts  above  stated. 

The  Hypothesis  of  Secular  Contraction. — We 
saw,  in  Part  I.  Chapter  I.,  that  there  was  good  reason  for 
believing  that  the  earth  has  always  been  losing  heat  by 
dissipation  into  space.  Now  it  has  been  ascertained  by 
experiment  that  most  rocks  expand  when  heated,  and 
contract  when  cooled ;  and  it  has  been  assumed  that  when 
they  pass  from  a  fluid  or  pasty  condition  into  a  solid 
crystaJline  state,  the  contraction  they  undergo  produces  a 
considerable  diminution  of  their  volume.  Hence,  it  is 
said,  that  if  the  earth  is  a  cooling  globe,  it  is  also  a  con-> 
tracting  globe,  and  that  its  mass  has  been  continually 
shiinkmg  in  volume,  so  that  every  portion  of  it  has  been 
compelled  to  occupy  less  and  less  space. 

Experiments  have  been  made  on  various  rocks  to  ascer« 
tain  the  actual  amount  of  contraction  they  undergo  in 
pcMsing  from  a  fluid  to  a  solid  state.  Bischof  experimented 
upon  granite,  trachyte,  and  basalt,  and  according  to  his 
results  it  appeared  that  granite  contracts  25  per  cent., 
trachyte  18  per  cent.,  and  basalt  10  per  cent.  Subsequent 
investigations,  however,  have  thrown  some  doubt  upon 
these  results,  and  those  arrived  at  by  M.  Delesse  are  pro- 
bably nearer  the  mark.  His  experiments  showed  that  the 
more  acid  rocks  (granite,  felsite,  etc.)  contracted  more  than 
the  basic  rocks  (basalt,  etc.),  but  that  the  amount  of  con- 
traction never  exceeded  10  per  cent.,  and  was  more  often 

1  <'  Physics  of  the  Earth's  Crast/*  pp.  152,  281. 
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between  3  and  7  per  cent.  Mr.  Mallet's  experiments 
indicate  a  still  less  amount  of  contraction  in  the  case 
of  orcQnarj  slag.  Finally,  observations  on  Kilauea  seem 
to  show  that  solidified  basic  lava  is  less  dense  than 
the  liquid  magma  from  which  it  has  crystallized,  for  | 
crust-like  masses  sometimes  form  and  float  on  the  top 
of  the  pools  in  the  crater.  It  may  be,  therefore,  that  it  is 
only  the  highly  silicated  rocks  which  contract  on  cooling. 

We  may,  however,  assume  that  the  continual  dissipa- 
tion of  heat  has  caused  a  certain  gradual  contraction  of 
the  earth's  mass.      The  materials  of  the  earth  conduct 
heat  very  badly  ;  consequently  the  surface,  being  exposed 
to  the  sky,  would  become  covered  with  a  cooled  crust, 
while  at  a  very  moderate  depth  the  temperature  was  still 
very  high  ;  just  as  a  lava  stream  can  be  walked  over  while 
it  is  still  molten  inside.     The  circumference  of  the  crost 
80  formed  would  be  that  of  the  hotter  globe.    As  time 
went  on,  the  heat  from  within  would  pass  out  through 
the  cooled  crust,  and  this  would  be  accompanied  by  a 
shrinking  of  the  interior.    But  the  outside  of  the  crust 
was  cooled  while  the  globe  was  larger,  and  although  it  will 
have  grown  thicker,  still  it  will  remain  too  large  for  the 
shrunken  interior,  upon  which,  therefore,   it  will  settle 
down  by  its  own  weight. 

It  is  impossible,  however,  that  there  could  be  any  dis- 
severance or  break  of  continuity  between  the  outer  and 
inner  portions  of  the  contracting  globe,  for  no  part  of  the 
earth's  crust  could  stand  without  support  from  below: 
the  power  of  gravitation  (or  the  weight  of  its  own  mass) 
must  crush  in  the  outer  layers  of  the  crust  and  force  it  to 
accommodate  itself  to  the  diminishing  circumference  of  the 
contracting  interior. 

It  requires  only  an  elementary  knowledge  of  mechanical 
principles  to  perceive  that  the  inward  pressure  of  a  rigid 
arched  envelope  or  crust  must  necessarily  be  accompanied 
by  enormous  lateral  pressure.  If  the  interior  of  the  globe 
is  drawing  away  from  the  outer  crust,  we  may  look  upon 
the  crust  as  subjected  to  vertical  forces  acting  equally 
from  every  direction,  and  it  is  clear  that  these  forces  will 
be  accompanied  by  tangential  forces  causing  lateral  pres> 
sure  in  every  portion  of  the  earth's  crust. 
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This  lateral  pressure  would  produce  very  powerful 
compression  and  crumpling  of  the  rocks  composing 
that  crust,  resulting  eyentually  in  their  bending,  break* 
ing,  and  ridging  up  along  certain  lines.  In  other 
words,  the  crust  could  only  continue  to  embrace  the 
nucleus  by  a  process  of  crushing  and  crumpling,  and 
this  process  would  continue  whether  the  interior  were 
solid  or  liquid. 

If,  therefore,  this  conception  of  the  mode  in  which  com* 
pression  of  the  crust  has  proceeded  is  correct,  if  the  crust 
has  become  wrinkled  and  contorted  in  consequence  of  its 
closing  in  upon  the  shrinking  interior  mass  of  the  globe» 
then  there  is  no  doubt  that  the  pressure  thus  generated 
would  be  amply  sufficient  to  cause  elevations  and  depres- 
sions of  the  surface,  and  might  by  its  repeated  action 
develop  such  features  as  oceans,  continents,  and  mountain 
chains,  if  the  globe  contracted  enough.^ 

Objections  to  the  Theory  of  Contraction. — Until 
quite  recently  there  was  a  strong  disposition  among  geolo- 
gists to  accept  the  hypothesis  of  contraction  as  sufficient 
in  itself  to  account  for  the  existence  of  continents  and 
mountain  chains.  Mr.  O.  Fisher,  however,  has  put  the 
hypothesis  to  the  proof,  and  comes  to  the  conclusion  that 
it  is  inadequate  to  account  for  the  production  of  these 
features.'  He  admits  that  the  great  inequalities  of  the 
continental  surfaces  have  been  caused  by  lateral  compres- 
sion, but  does  not  believe  that  this  has  arisen  from  the 
secular  cooling  of  the  earth's  mass, 

Mr.  Fisher  considers  the  hypothesis  on  two  separate 
assumptions :  first,  that  the  earth  is  solid,  and  has  cooled 
as  a  solid ;  second,  that  there  is  a  liquid  substratum  below 
the  solid  cruBt. 

^  Mr.  Finher  however,  has  recently  shown  that  the  amount  of 
heat  lost  by  the  earth  since  the  first  /ormation  of  a  solid  crust  may 
not  have  been  very  great.  Aasuminff  the  existence  of  a  liooid  sub- 
stratum, and  that  the  crust  hegan  to  he  formed  one  hundred  million 
years  ago,  wliich  is  an  ample  allowance  for  geological  time,  the 
difference  between  the  mean  temperature  of  the  interior  then  and 
now  would  he  only  209"  F.  (Appendix  to  "  Physics  of  Earth's 
Crust,"  issued  separately,  1891,  p.  49). 

>  '*  Physics  of  the  Earth's  Crust,"  second  edition,  p.  121,  and 
Appendix,  p.  29* 
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1.  On  the  first  assumption  all  the  inequalities  produced 
lyj  compression  arising  from  contraction  would  be  of  the 
nature  of  elevations  above  a  certain  datum  level.  There 
could  be  no  actual,  but  only  relative,  depressions,  and  the 
l>ottom  of  the  ocean-basins  would  either  coincide  with  this 
datum  level  or  would  be  the  parts  that  were  least  raised 
above  it.  Proceeding  on  this  assumption,  and  taking  the 
lowest  parts  of  the  ocean-floors  as  a  base  levels  he  esti- 
mates that  the  whole  of  the  existing  inequalities  of  the 
earth's  surface  (above  the  said  datum  level),  if  levelled 
down  and  spread  out,  would  form  a  uniform  lajer  of  about 
J  3,000  feet  in  thiclmess. 

He  then  shows  that  it  is  possible  to  estimate  the  amount 
or  volume  of  the  inequalities  which  would  be  produced  bj 
the  contraction  of  a  cooling  solid  globe.  In  the  first  place 
it  has  been  shown  by  Mr.  C.  Davison  and  Mr.  Mellard 
Beade  that  in  such  a  globe  at  a  comparatively  small  depth 
below  the  surface  (probably  within  two  miles)  there  would 
be,  at  the  present  time,  a  layer  or  shell,  where  its  material 
would  be  neither  compressed  nor  extended ;  this  may  be 
called  **  the  level  of  no  strain.'*  Below  it  the  strata  would 
'be  extended,  above  it  they  would  be  compressed.  It  is, 
therefore,  entirely  out  of  the  part  above  this  level  that  the 
surface  elevations  could  be  produced.  Mr.  Fisher  calcu- 
lates what  elevations  are  likely  to  have  been  formed  by  the 
compression  of  this  layer,  and  on  the  most  extravagant  sup- 
'positions  he  finds  that  the  mean  height  of  the  elevations, 
if  levelled  down  into  a  continuous  layer,  would  be  only  a 
little  over  6  feet.  Comparing  this  with  the  13,000  feet  of 
actual  elevation,  it  seems  impossible  that  the  latter  could 
liave  been  formed  by  the  contraction  of  a  cooling  solid 
globe. 

2.  The  second  and  more  probable  case,  that  there  is  a 
yielding  liquid  substratum,  Mr.  Fisher  did  not  fully  deal 
with  in  his  book,  but  has  done  so  in  his  valuable  Appendix 
'(recently  issued).  He  finds  that  if  the  age  of  the  world  is 
100  million  years,  and  the  co-efficient  of  contraction  for 
liquid  rock  is  twice  as  great  as  that  of  solid  rock  (as 
Mallet's  experiments  seem  to  indicate),  then  the  depth  of 

^he  level  of  no  strain  will  be  at  present  about  4  miles 
below  the  surface,  and  the  average  height  of  the  elevations 
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formed  by  the  corrugatioii  of  the  material  above  that  level 
would  be  about  44  feet  If,  however,  the  age  of  the  world 
is  taken  to  be  only  50  million  of  years,  the  depth  of  the 
level  of  no  strain  would  be  only  about  2  miles,  and  the 
average  height  of  the  elevations  only  a  little  over  10  feet. 
These  amounts  are  equally  inadequate  when  compared  with 
the  actual  average  elevation  of  18,000  feet  above  the  datum 
level. 

It  has  been  suggested,  however,  by  Mr.  Mallet  and  by 
Professor  Le  Conte,  that,  leaving  mountain  ranges  out  of 
consideration,  the  wide  continental  plateaux  and  the  inter- 
vening oceanic  depressions  may  have  resiQted  from  dif- 
ferences in  the  amount  of  radial  contraction,  that  is  to  say, 
the  crust  may  have  shrunk  bodily  inwards  beneath  the 
oceanic  areas  further  than  it  has  beneath  the  continental 
areas. 

To  refute  this  idea  Mr.  Fisher  has  calculated  what  the 
total  amount  of  radial  contraction  would  be.  On  the 
assumption  of  a  solid  globe  whose  outer  crust,  to  a  depth 
of  402,832  feet  (a  little  over  76  miles),  is  supposed  to  have 
the  conductivity  made  use  of  by  Sir  W.  Tbomson  (and 
this  limit  is  taken  because  below  that  depth  the  effects  of 
cooling  would  be  quite  insensible),  the  contraction  comes 
out  as  only  2  miles,  with  an  extreme  possibility  of  6  miles. 
Now  the  deeper  parts  of  the  oceans  are  between  3  and  4 
miles  below  the  average  level  of  the  continental  plateaux, 
and  it  is  impossible  that  these  depressions  could  be  formed 
by  excess  of  radial  contraction  i£  the  total  amount  of  that 
was  only  2  miles,  while  if  it  amounted  to  6  miles  there  is 
no  reason  why  the  contraction  should  vary  so  much  in 
different  places  as  to  cause  a  difference  of  4  miles  in 
vertical  elevation. 

In  the  case  of  a  liquid  substratum  he  finds  the  radial 
<K>ntraction  may  have  been  greater ;  taking  values  for  the 
melting  temperature  and  the  latent  heat  of  a  cooling 
liquid  magma  from  experiments  recently  made  by  Pro- 
fessors Bucker  and  Boberts-Austen,  and  Mallet's  result 
for  the  coefficient  of  contraction,  he  finds  the  total  amount 
will  be  6  miles  if  the  age  of  the  world  is  50  millions  of 
years,  and  12  miles  if  its  age  is  100  millions ;  but  the 
ssane  objection  remain9  as  in  the  former  case-^no  reason 
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can  be  assigned  for  local  differences  amounting  to  4 
miles,  whatever  the  total  amount  of  radial  contraction 
may  be. 

Captain  C.  E.  Button  thinks  that  Mr.  Fisher  has  touched 
too  briefly  upon  another  argument  against  the  contraction 
hypothesis,  namely,  that  the  features  to  be  explained  are 
not  such  as  would  have  been  produced  by  contraction/ 
**  The  strains  set  up  in  the  crust  by  a  shrinking  nucleus 
would  be  such  that  for  any  given  amount  of  corrugation 
with  the  axes  (of  the  folds)  in  one  direction,  there  must  be 
an  equal  amount  vnth  the  axes  at  right  angles  to  that 
direction.  The  localization  of  mountain  chains  and  plica- 
tions in  long  narrow  belts,  with  the  axes  of  the  folds  all 
approximately  parallel,  and  with  no  corresponding  plica* 
tions  at  right  angles  to  them,  is  an  impossible  result  of  a 
collapsing  spherical  shell.''  In  other  words,  if  the  features 
were  caused  by  contraction,  there  would  be  a  network  of 
small  mountain  chains  all  over  the  earth's  surface,  like  the 
wrinkles  on  the  skin  of  a  dried  apple ;  they  would  not  be 
nearly  so  long  or  so  lofty  as  they  are. 

Hypothesis  of  Expansion  by  Injections  of 
Lava. — Mr.  Fisher  formerly  thought  that  the  observed 
phenomena  of  compression  might  be  accounted  for  by  the 
Assuring  of  the  crust  which  results  in  volcanic  action,  the 
fissures  opening  upwards  from  the  liquid  substratum,  and 
being  filled  with  matter  proceeding  from  it.  Looking  to  the 
steam  which  is  always  given  o£E  during  volcanic  eruptions, 
he  believes  the  liquid  magma  to  contain  a  large  amount  of 
water-substance  (dissolved  in  the  state  of  gas),  and  thinks 
that  all  fissures  originating  on  the  under  surface  of  the 
crust  would  be  immediately  filled  with  this  gas,  under  a 
pressure  of  about  10,066  tons  to  the  square  foot ;  the  gas 
would  consequently  exert  this  pressure  in  widening  the 
fissure,  that  is  to  say,  in  compressing  the  rocks  on  either  side 
of  it.  If  the  rent  reached  the  surface,  the  vapour  would  rush 
forth,  and  be  followed  by  the  magma  itself  in  the  form  of 
lava ;  if  the  rent  did  not  reach  the  surface,  the  tension  of 
the  vapour  in  it  would  still  gradually  be  diminished,  and 
the  magma  would  ascend  higher  and  higher,  and  when 

^  "  American  Joum.  of  Science,"  voL  xxiii.  p.  283. 
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solidified  would  form  one  of  the  dykes  of  igneous  rock 
which  are  so  frequent  even  in  the  upper  part  of  the  crust. 
Mr.  Fisher  still  belieyes  that  this  action  supplies  a  cause  of 
compression,  but  obsenres  that  "  in  all  physical  problems 
there  is  a  danger  of  holding  one  theory  of  causation  to  the 
exclusion  of  others  that  are  compatible  with  it,"  ^  and  he. 
thinks  the  observed  amount  of  compression  requires  a  more 
extensive  and  energetic  agency.^ 

Hypothesis  of  Pressure  exerted  by  Convection 
Currents. — This  more  energetic  agency  he  finds  in  the 
consequences  likely  to  result  from  the  existence  of  a  sub- 
stratum of  liquid  material  cooling  by  convection.  He 
points  out  that  the  observed  movements  of  the  crust  causing 
upheaval  and  subsidence  of  the  stirf ace  require  the  condi- 
tions of  a  thin  crust  resting  in  approximate  hydrostatic 
equilibrium  upon  a  yielding  substratum  :  hence  geologists 
cannot  regard  the  earth  as  a  solid  globe.  Further,  the 
crust  formed  by  cooling  out  of  such  a  substratum  would 
by  this  time  have  become  thick,  unless  it  had  been  pre- 
Tented  from  thickening  by  the  action  of  the  substratum  in 
constantly  dissolving  off,  and,  as  it  were,  washing  away  its 
underside ;  not  so  fast,  but  nearly  as  fast,  as  it  solidified. 
This,  as  has  been  already  explained,  shows  that  there  must 
be  convection  currents  in  it  (op.  cU.,  p.  356).  Such  convec- 
tion implies  upward  and  downward  currents  and  resulting 
local  alterations  of  temperatare. 

By  making  and  examining  successive  assumptions  as  to 
the  relative  densities  of  the  crust  and  substratum,  both 
under  the  oceans  and  under  the  continents,  he  finds  that, 
with  the  conditions  that  best  fulfil  the  requirements  of  the 
problem,  the  convection  currents  are  rising  beneath  the 
oceans  and  descending  beneath  the  continents,  so  that  over 
a  certain  space  between  them  the  currents  will  be  hori- 
zontal.    This  flow  of  the  liquid  magma  toward  the  conti- 

^  "  Physics  of  the  Earth's  Crust,"  second  edition,  p.  2^5. 

^  The  repeated  transference  of  material  from  the  interior  to  the 
surface  by  volcanic  action  would  produce  a  certain  amount  of  com- 
pression by  causinp;  the  crust  to  settle  down  upon  a  contracted 
spherical  surface,  but  the  total  compression  so  caused  would  be 
small,  and  the  extravasation  of  lava  is  more  likely  to  be  a  result 
of  compression  than  a  cause  of  it. 
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nental  areas  will  tend  to  press  the  supernatant  crust  in  the 
same  direction,  and  to  produce  compression  along  the 
common  boundary  of  the  oceanic  and  continental  areas. 
"  As  soon  as  compression  begins  to  take  effect,  roots  to  the 
elevated  portions  will  be  produced,  which,  dipping  into  the 
substratum,  will  offer  an  increasing  obstacle  to  the  flow 
of  the  currents  and  intensify  their  operation*'  {op,  ciL, 
p.  376).  Owing  to  the  lower  parts  of  the  thickened  axea 
being  softened  by  heat,  a  greater  thickness  will  be  sheared 
downwards  than  upwards.  Assuming  that  under  lateral 
compression  two-fifths  of  the  thickened  part  would  go  up 
and  three-fifths  would  go  down,  and  that  the  ratio  between 
the  specific  gravities  of  crust  and  substratum  is  the  same 
as  that  between  those  of  granite  and  basalt,  which  is  nearly 
as  that  of  ice  to  water,  he  shows  that  the  thickened  tract 


o— — ^«^V^  »  o 
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Fig.  214.    Diagram  to  show  the  Roots  of  a  Mountain  Chain. 

a,  Crust.  6,  Substratum,  c,  Mountain  chain.  P,  Downward  pro- 
tuberance, o  o.  Ocean  level,  m  m,  Lower  mean  level  of  the 
earth's  crust. 

would  sag  still  further  downwards.^  "  Hence  depressions 
would  arise  on  both  sides  of  the  ridge,  and  the  ocean, 
which  covers  the  general  surface,  would  be  deeper  than 
elsewhere  along  two  channels  parallel  to,  and  at  some 
little  distance  from,  the  ridge.  But  should  the  ridge  be 
steeper  on  one  side  than  on  the  other,  as  seems  inevitable, 
the  ocean  would  be  deeper  on  the  steeper  side."  This  re- 
lation between  ocean  depths  and  mountain  chains  seems 
actually  to  exist,  as  already  mentioned. 

Lastly,  he  considers  the  consequences  of  the  transference 
of  sediment  from  the  mountain  chains  to  the  oceans,  and 

»  Op.  cit,y  pp.  131,  278. 
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shows  that  on  hydrostatic  principles  the  areas  from  which 
matter  is  removed  will  rise,  whUe  the  areas  to  which  sedi- 
ment is  transported,  being  loaded,  will  sink. 

Hence  he  concludes  that  the  vertical  movements  affect- 
ing the  earth's  surface  are  of  two  kinds ;  one  resulting  from 
compression,  the  other  from  the  laws  of  hydrostatic  equi- 
librium simply.  As  the  result  of  the  latter,  degradation  and 
elevation  are  necessarily  correlatives  of  each  other;  the 
degradation  of  the  tract  causes  more  rock  to  rise  up,  to  be 
in  its  turn  de^ed  and  removed.' 

Hypothesis  of  Cubical  Expansion. — Mr.  Mellard 
Beade  has  suggested  another  cause  of  compression  and  ele- 
vation." He  does  not  accept  the  theory  of  a  liquid  sub- 
stratum, but  considers  that  at  a  certain  depth  the  material 
of  the  globe  is  sufficiently  plastic  from  heat  to  respond  to 
^changes  of  pressure.  This  he  calls  the  shell  of  greatest 
mobility.  He  points  out  that  the  deposits  out  of  which 
mountein  ranges  have  been  built  are  always  very  thick, 
and  that  they  seem  to  have  been  laid  down  in  great  basins, 
or  areas  of  subsidence,  that  is  to  say,  basins  formed  by  the 
bending  down  of  portions  of  the  earth's  crust.  This  bend* 
ing  down  will  locally  displace  the  matter  of  the  shell  of 
greatest  mobility,  but  at  the  same  time  (as  previously 
shown  by  Babbage  and  Herschell)  the  temperature  of  the 
whole  of  the  depressed  crust  will  be  raised. 

The  rise  of  temperature  so  obtained  causes  expansion  of 
the  rocks,  and  it  is  found  by  experiment  that  the  coefficient 
of  expansion  of  average  rock  is  about  2*75  lineal  feet  per 
mile  for  every  100"  F.  of  rise ;  but  the  expansion  is  cubical, 
and  will  be  thrown  into  the  direction  of  least  resistance. 
This  Mr.  Eeade  takes  to  be  upward,  and  therefore  credits 
all  the  cubical  expansion  (t.e.,  8*25  feet  per  mile)  to  moun- 
tain building. 

There  can  be  little  doubt  that  such  cubical  expansion 
does  take  place,  and  that  it  is  an  effective  cause  of  com- 
pression, but  Mr.  Beade  does  not  sufficiently  consider  how 
it  may  act  and  how  far  it  can  go.  He  assumes  that,  as 
soon  as  the  depressed  area  of  crust  begins  to  expand,  the 
expansion  will  be  localized,  and  will  bulge  up  the  rocks  in 

^  Op.  eit.,  p.  224. 

^  '*  The  Origin  of  Moimtaiii  Ranges,"  London,  1886. 
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the  form  of  a  ridge  parallel  to  the  longer  diameter  of  the 
depressed  area.  He  rests  this  belief  on  the  results  of  cer- 
tain experiments  on  the  expansion  of  metal  plates,  but  as 
these  plates  were  under  conditions  totally  different  from 
those  of  the  earth's  crust,  thej  do  not  affonl  a  sound  basis 
for  his  belief.^ 

Mr.  Beade  admits  that  part  of  the  expansion  would  be 
expended  in  compression  and  plication,  and  supplements  his 
theory  by  supposing  that  the  first  upheaval  by  expansion  is 
only  the  initiation  of  a  mountain  range.  He  thinks  that 
this  will  relieve  the  pressure  on  the  plastic  material  below, 
and  that  this,  becoming  liquid,  will  rise  as  lava  through 
cracks  in  the  crust,  and  by  bringing  fresh  accessions  of 
heat  will  cause  further  recurrent  expansions  of  the  rock- 
beds  below  the  mountain  range. 

Summary. — If  we  now  compare  the  results  arrived  at 
by  Mr.  Fisher  and  Mr.  M.  Beade,  who  have  approached 
the  same  problem  from  very  different  points  of  view,  we 
find  that  they  agree  in  one  very  important  point,  namely, 
that  the  contraction  of  a  cooling,  solid  globe  will  not  account 
for  the  geological  facts.  They  differ,  however,  in  their 
conception  of  the  condition  of  the  interior,  and,  conse- 
quently, in  their  attempts  to  explain  the  movements  of 
the  earth's  crust.  Mr.  Fisher  refuses  to  be  bound  bv  Sir 
W.  Thomson's  dictum  that  the  globe  is  a  rigid,  solid  mass ;  he 
adduces  weighty  reasons  against  such  a  view,  and  in  favour 
of  the  existence  of  a  completely  liquid  substratum  of  greater 
or  less  depth ;  he  believes  this  liquid  magma  to  be  satu- 
rated with  gas  under  high  pressure,  and  he  shows  how  the 
movements  of  such  a  mobile  material  may  exert  a  com- 
pressive force  on  the  under  side  of  portions  of  the  crust.  Mr. 
Beade  feels  more  bound  by  the  theory  of  effective  rigidity, 
but  he  also  assumes  the  existence  of  a  zone  of  plastic 
material  which  is  ready  to  become  liquid  on  the  relief  of 
pressure  ;  and  he  explains  crust  movements  by  changes  of 
volume  due  to  alterations  in  pressure,  and  a  flow  of  the 
plastic  material,  the  initial  cause  being  sedimentation  de- 
pressing a  portion  of  the  crust,  which  expands,  and  forms  a 
surface  ridge,  or  mountain  range.     To  Mr.  Beade's  theory 

^  For  a  discussion  of  Mr.  Reade's  theory  and  other  objections  to 
it  see  *'  Geol.  Mag."  for  January,  1892,  p.  24. 
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there  are  serious  objections,  while  the  only  grave  objection 
to  Mr.  Fisher's  is  the  doubtful  argument  from  the  tides ; 
and  the  existence  of  a  liquid  substratum  is  so  very  pro- 
bable, that  it  may  be  accepted  as  a  sound  theoretical  in- 
ference from  the  facts  which  are  at  present  known  to  us. 
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Ardennes,     metamorphism     in, 

447. 
Arenig  Hills,  575. 
Argillaceous  rocks,  360. 
ArgiUite,  507. 
Arkose,  358. 
Arragonite,  316. 
Artesian  wells,  1 10. 
Arthur's  Seat,  500. 
Asbestos,  321. 
Ascension,  Isle  of,  277. 
Ash,  volcanic,  26,  352. 
Asia  Minor,  deposits  on  coast  of, 

275. 
Asphalt,  370. 
Astrakanite,  244. 
Athabasca,    deposits    in    Lake, 

237. 
Atiu,  caves  of,  120. 
Atlantic,    depth    of,    297,    633; 

ooze  oJF  the,  297 ;  red  clay  of, 

299. 
Atmospheric  agencies,    84,   105, 

583. 
Atolls,  282. 
Augen-structure,  506. 
Augite,  320. 
Aureoles,  535. 
Australia,  blown  sands  of,  201  ; 

coral-reefs  of,  281 ;  mountains 

of,  633;    soundings  off  north 

coast  of,  286. 
Auvergne,  basalt  of,  406  ;  valleys 

of,  145  ;  volcanoes  of  467. 
Axmouth,  landslip  near,  123. 
Ayrshire,  volcanic  necks  of,  471. 

B. 

**  Bad  lands"  of  North  America, 

97. 
Bahama  Islands,  chalky  mud  of, 


286 ;  coral  rock  of,  285  ;  man- 
groves of,  214. 

Baite,  bay  of,  62. 

Baltic,  diatoms  in  the,  303 ;  ice 
in,  186,  271 ;  rise  of  its  shores, 
66. 

Banded  gneiss,  530. 

Barbados,  caverns  in,  120 ;  coral- 
rock  of,  288 ;  faults  and  folds  in, 
456 ;  radiolarian  earth  of,  302 ; 
red  clay  of,  195  ;  tertiary  chalk 
from,  363. 

Bargate  stone,  367. 

Barnwell,  gravel  of,  220. 

Barren  island,  24. 

Barrier  reefs,  281. 

Barrow  HQl,  473. 

Basalt,  349. 

Basaltic  dykes,  532. 

Basaltic  plateaux,  501. 

Bases,  309. 

Base-line  of  erosion,  585. 

Basic  rocks,  339,  344. 

Basset  edges,  422. 

Bath  waters,  temperature  of,  13 ; 
minerals  dissolved  in,  1 15. 

Batt,  361,  382. 

Beachy  Head,  174. 

Beavers,  work  of,  212. 

Berg-mehl,  239. 

Bermudas,  red  soil  of,  195 ;  sound- 
ings off,  286. 

Bessarabia,  limans  of,  248. 

Bilin,  siliceous  earth  of,  240. 

Bind,  361. 

Biotite,  320. 

Bitter  lakes,  salt  in,  247. 

Bitumen,  370. 

Bituminous  limestone,  366. 

Blanc,  Mont,  section  through, 
431. 

Black  earth  of  Russia,  198. 
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Blackwater  river,  578. 

Bloodstone,  314. 

Blown  sand,  200. 

Blue  mnds,  294. 

Bog-iron-ore,  241. 

Bog-oak,  211. 

Bosses  of  igneous  rock,  472. 

Boulder  clay,  362 ;  formation  of, 

230. 
Boulders,  dispersal  of,  164. 
Bradford  clay,  375. 
Breccias,  191. 

Brighton,  raised  beach  at,  71. 
Brimham  rocks,  99. 
Bristol  coalfield,  553. 
Bron2dte,  321. 
Burford,     coal-measures    under, 

660. 
Buried  valleys,  76. 
Burntisland,  99;  volcanic  rocks 

of,  533. 
Burren,  joints   in    limstone    of, 

404. 
Buttes,  603. 


Calabria,  earthquakes  in,  55. 

Calcareous  deposits,  238,  273. 

Calcareous  mud  and  limestone 
paste,  277. 

Calcareous  rocks,  362 ;  conversion 
of,  into  ironstone,  93 ;  weather- 
ing of,  86. 

Calcite,  316. 

Calcic  sulphate.    See  Gypsum. 

Calc-Bchist,  514 ;  varieties  of,  362. 

Calcutta,  well  at,  226. 

California,  mineral  veins  in,  464. 

Cambridge  Greensand,  651. 

Cambridgeshire,  peat  of,  213; 
river  gravels  in,  220;  shell 
marl  in,  239. 


Canada,  peat-mosses  of,  212. 

Cannel-coal,  369. 

Cailons,  formation  of,  148,  590. 

Cantabria,  elevation  of,  592. 

Canton,  granite  of,  92. 

Cantyre,  raised  beaches  of,  73. 

Caraccas,  earthquakes  at,  49. 

Carbonate  of  lime,  316;  deposi- 
tion of,  205,  242 ;  in  rivers, 
131 ;  in  the  sea,  273 ;  solution 
of,  86. 

Carbonate  of  iron,  317. 

Carbonic  acid,  action  of,  85;  in 
the  sea,  273,  274. 

Carlsbad,  springs  of,  114. 

Carnarvonshire,  volcanic  rocks 
of,  473. 

Camelian,  314. 

Carolina,  North,  192. 

Caspian  Sea,  salts  in,  244. 

Cat*s-eye,  314. 

Cave-earth,  197. 

Caverns,  origin  of,  115. 

Caves,  sea,  73 ;  formation  of,  166. 

Chalcedony,  314. 

Chalk,  304,  363. 

Chalybite,  369. 

Chanonat,  valley  of,  145. 

Chara,  238. 

Charleston,  earthquake  of,  53, 59. 

Chemical  action  of  rain,  84 ;  de- 
posits, 202,  208, 241 ;  elements, 
oUb. 

Chert,  314,  359,  398. 

Chesil  bank,  254. 

Chiastolite,  322,  513. 

Chili,  earthquakes  in,  68. 

China,  loess  of,  198. 

Chlorite,  323  ;  -schist,  513, 

Chrysolite,  321. 

Cinerite,  28. 

Cirques,  600. 
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Clapham  Cave,  120. 

Clay,  359 ;  with  flints,  193. 

Clay -ironstone,  398. 

Cleavage,  of  crystals,  310;  of 
rocks,  605,  617  ;  production  of, 
524. 

Cleveland  Dyke,  410. 

Cliffs,  waste  of,  168 ;  formation 
of,  170. 

Clinometer,  417. 

Clunch,  364. 

Coal,  369 ;  joints  in,  402 ;  seams 
of,  382. 

Coal-measures,  379,  383, 429,  443, 
559. 

Coast-ice,  184,  268. 

Cols,  formation  of,  602. 

Colorado,  caflons  of,  148,  590; 
plateaux  of,  427. 

Columnar  structure,  409. 

Compression,  proofs  of,  521 ;  con- 
tortions produced  by,  430 ;  table 
of,  432. 

Concretions,  396. 

Conformable  succession,  543. 

Conglomerate,  356. 

Consolidation  of  rocks,  387. 

Contemporaneous  erosion,  558. 

Continents,  formation  of,  631. 

Contortions,  430. 

Contraction,  faults  produced  by, 
456 ;  joints  produced  by,  400 ; 
theory  of  secular,  635. 

Convection  currents  in  liquid  sub- 
stratum, 641. 

Coprolites,  398. 

Coquimbo,  raised  beaches  at,  71. 

Coral  mud,  286. 

Coral  reefs,  growth  of,  79,  280, 
288. 

Coral  rock,  284,  287. 

Cordierite-gueiss,  514. 


Cork,  valleys  of,  575. 

Cornstone,  358,  397. 

Cornwall,  coast  of,  166 ;  elvans 
of,  351,  488;  granite  of,  93; 
mines  of,  12;  raised  beaches 
of,  71 ;  sand-drifts  of,  200  ;  sub- 
merged forests  of,  75. 

Corrasion,  107. 

Corries,  600. 

Coseguina,  28. 

Crag,  decalcification  of,  89. 

Crenic  acid,  85. 

Cretaceous  rocks,  overlap  of,  555. 

Crete,  changes  of  level  in,  66, 
74. 

Crich  Hill,  map  of,  614. 

Crinoidal  limestone,  363. 

Cromer,  loss  of  land  at,  173. 

Crush-breccia,  356. 

Crust  of  the  earth,  15. 

Crystallography,  310. 

Cubical  expansion,  theory  of, 
643. 

Current  bedding,  384. 

Current-mark,  386. 

Currents,  action  of,  181. 

Curvilinear  bedding,  385. 

Curvitabular  joints,  406. 

Cyanite,  322. 

D. 

Dacite,  345. 

Dalmeny,  dolerite  at,  472. 

Danube,  matter  transported  by, 
135. 

Dartmoor,  granite  of,  477. 

Dead  Sea,  salts  in,  244. 

Decalcified  sand,  89,  90. 

Decomposition  of  rocks,  86. 

Deep  Sea  deposits,  294. 

Deltas,  formation  of,  224;  sub- 
marine, 266. 


INDEX. 


655 


Denadation,  definition  of,  106; 
proofs  of,  607;  results  of,  in 
South  Wales,  608. 

Deposition  of  detritus,  216,  234 ; 
increased  by  depression,  261 ; 
limits  of,  266 ;  of  salts  in  solu- 
tion, 176,  203. 

Deposits,  cavern,  203 ;  chemically 
formed,  202,  241 ;  deep-sea, 
294 ;  fluviatile,  216 ;  in  shallow 
seas,  250,  262 ;  lacustrine,  234 ; 
of  organic  debris,  278 ;  terres- 
trial, 181. 

Depression  of  land,  proofs  of,  74 ; 
effects  of,  on  erosion,  105,  587, 
593. 

Depth  and  thickness,  measure- 
ment of,  421 ;  table,  423. 

Derivative  rocks,  356. 

Desiccation,  387. 

Detrition,  definition  of,  107;  re- 
sults of,  104 ;  proofs  of,  607. 

Devil's  Cheese  Ring,  101. 

Devitrification,  338. 

Devon,  coasts  of,  166;  cleavage 
in,  523 ;  granite  of,  93,  420. 

Diabase,  490,  510. 

Diallage,  321. 

Diatom  earth,  239 ;  ooze,  303. 

Diopside,  320. 

Diorite,  347. 

Dip,  416,  516 ;  of  cleavage  planes, 
433. 

Dip  slope,  570. 

Disintegration,  processes  of,  83. 
Dislocations,  435. 
Dogger  Bank,  93,  263. 
Doggers,  397. 
Dolerite,  349,  408,  510. 
Dolomite  peaks,  in  decay,  105; 

formation  of,  287,  365. 
Dore,  Mount,  467. 


Dorsetshire,  coast  of,  167,  171 ; 

overlap  in,  535. 
Drainage,  basins  of,  483. 
Drei  Zinnen,  599. 
Dublin  county,  overlap  in,  556. 
Dunes,  200. 
Dunite,  350. 

Dunwich,  waste  of  land  at,  173. 
Durdle  Cove,  view  of,  169. 
Dust-storms,  197,  200. 
Dykes,  21,  487,  532. 

E. 

Earth,  crust  of,  15,  582 ;  internal 
condition  of,  14 ;  internal  heat 
of,  10;  shape  of,  8;  surface 
sculpturing  of,  564. 

Earth-movements,  influence  of,  on 
erosion,  682. 

Earth  pillars,  95,  96. 

Earthquakes,  49 ;  origin  of,  51 ; 
phenomena  of,  54 ;  surface 
effects  of,  61. 

Eastbourne,  loss  of  land  near, 
175. 

Egypt,  blown  sand  in,  99,  201. 

Eifel,  extinct  volcanoes  of,  472 ; 
valleys  of,  147. 

Elevation  of  land,  65 ;  influence 
of,  on  erosion,  583,  585. 

Elvanite,  345. 

Elvans,  487. 

Encrinites,  375. 

English  Channel,  deposits  in, 
263. 

Enstatite,  321. 

Epidiorite,  510. 

Epidote,  323. 

Episodes,  383. 

Erosion,  136,  567 ;  base  level  of, 
585;  marine,  171,  592;  modi- 
fied by  earth-movements,  583, 
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584;  by  rivers,  136 ;  of  valleys, 
140,586 

Erratics,  154. 

Escarpments,  breaching  of,  578 ; 
formation  of,  569 ;  recession  of, 
571. 

Etna,  description  of,  38;  lava- 
streams  of,  31. 

Eulysite,  350. 

Euphotide,  510. 

Eurite,  344. 

Expansion,  theory,  640,  643. 

F. 

Falcon  Island,  45. 

Falkland  Islands,  191,  250. 

False-l)edding,  385. 

Fan-structure,  431. 

Fans  of  alluvium,  223. 

Faults,  435;  age  of,  452;  com- 
pound, 440 ;  and  folds,  connec- 
tion between,  459 ;  magnitude 
of,  450,  61 1 ;  open  and  close, 
437;  origin  of,  455;  reversed, 
453;  strike,  448;  transverse, 
444 ;  trough,  441. 

Felsite,  345,  346. 

Felspars,  317. 

Felspathic  rocks,  weathering  of, 
91. 

Felstone,  350. 

Felstone-tuff,  352. 

Fenland,  peat  of  the,  21 1 ;  forma- 
tion of,  213. 

FerruginoiLs  rocks,  367  ;  weather- 
ing of,  89. 

Fifeshire,  volcanic  rocks  of,  470, 
500,  533. 

Finsterbach,  earth  pillars  of,  95. 

Fiords,  78. 

Fire-clay,  360. 

Firehole  River,  208. 


Fire-stone,  359. 

Fissures,  31,  56. 

Flagstone,  358. 

Flaser-structore,  506. 

Flexures,  423 ;  cause  of,  431 ;  in 

connection  with  faults,  444, 456. 
Flint,  314,  359,  39& 
Floods,  results  of,  142. 
Fluor  spar,  316. 
Fluviatile    agencies,    126,    584 ; 

deposits,  216. 
Foel-Fras,  475. 
Foliation,  505,  527. 
Foliated  rocks,  511. 
Foraminifera,  294,  324. 
Franconia,  caves  of,  119. 
Freagh  Hill,  section  through,  552. 
Frost,  action  of,  102. 
Fullers'  earth,  361. 

G. 

Gabbro,  348,  510. 

Gaize,  359. 

Galionella,  241. 

Galliard,  359. 

Galway,  granite  of,  448. 

Ganges,  delta  of,  226. 

Gangue,  461. 

Gannister,  361. 

Garnet,  323. 

Gases,  dissolved,  17,  33. 

Gault,  erosion  of,  551. 

Gaylenreuth,  cave  of,  119. 

Genetic  classification  of  rocks, 
330. 

Geneva,  lake  of,  236. 

Geognosy,  5. 

Geology,  definition  of,  1 ;  Dyna- 
mical, 7  ;  Physiographical,  452; 
Structural,  303. 

Geological  map  and  section,  418. 

Geysers,  13,  206. 
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Giants*  Causeway,  409,  503. 

Oibraltar,  breccia  of,  192. 

Glaciers,  work  of,  151,  267. 

Glanconite,  295,  324,  367 ;  sand, 
weathering  of,  90. 

Globigerina  ooze,  296. 

Gloacestershire,  unconformity  in, 
553. 

Gneiss,  514,  530 ;  Archaean,  540. 

Graham's  Island,  592 ;  view  of,  45. 

Graian  Alps,  view  in  the,  600. 

Grangemouth,  buried  valley  at, 
78. 

Granite,  344;  decomposition  of, 
91,  106,  483 ;  metamorphic, 
534  ;  of  Cornwall,  477 :  of  Dart- 
moor, 477 ;  of  Leinster,  481, 
534 ;  position  of,  479 ;  tongues 
and  veins,  484. 

Granulite,  512. 

Granulitic  structure,  339,  506. 

Graphic  granite,  344. 

Graphite,  313. 

Gravel,  deposited  by  rivers,  217 ; 
ridges  capped  by,  604 ;  terraces 
of,  219,  220. 

Greece,  underground  channels  in, 
118. 

Green  marls,  295. 

Green  River,  148,  605. 

Greenland,  coast-ice  of,  169,  185 ; 
glaciers  of,  161,  268;  subsi- 
dence of  western  coast,  74. 

Greensand,  295,  324,  359. 

Greenstone,  350. 

Greenstone  tuff,  353. 

Greissen,  510. 

Grenelle,  artesian  well  at,  12. 

Greystone,  357. 

Grey  wethers,  98. 

Grinnell  Land,  185,  187,  232. 

Griqualand,  swallow  holes  in,  1 17. 


Gritstone,  357. 
Groups  and  Episodes,  383. 
Gypsum,   316,  367;  deposits  of, 
206. 

H. 

Hade  of  faults,  435. 
Haematite,  315,  368. 
Halleflinta,  507. 
Hampshire,  erosion  of  coast  in, 

177. 
Hauyne,  323. 

Hawaii,  volcanoes  of,  22,  25,  40. 
Head,  formation  of,  193. 
Headlands,  origin  of,  187. 
Heat,  and  cold,  action  of,  100; 

and  pressure,  324. 
Heaves,  447. 

Heligoland,  erosion  of,  177,  180. 
Hertfordshire  pudding-stone,  394. 
Highlands,  nietamorphism  of  the, 

538. 
Hills  and  valleys,  origin  of,  619. 
Himalayas,  634 ;  breaching  of,  by 

R.  Indus,  591 ;  roots  of  the,  635. 
Himley,  fault  at,  443. 
Hitchin,  gravel  pipes  at,  1 16. 
Holland,  the  delta  of  the  Rhine, 

225. 
Holyhead,  submerged  forest  at, 

76. 
Hornblende,    320 ;    gneiss,   514  ; 

schist,  513. 
Humber  estuary,  258. 
Humic  acids,  85. 
Hunstanton,  submerged  forest  at, 

76. 
Hurst  Castle  l)ank,  255. 
Hyalite,  314. 
Hydrates,  309. 
Hvdraulic  limestone,  364. 
Hypersthene,  321. 
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I. 

Ice,  on  land,  151 ;  on  the  sea, 
184,  267. 

Icebergs,  formation  of,  267. 

Icefoot,  184. 

Iceland,  gypsum  in,  206;  siliceous 
sinter  in,  206. 

Idaho,  lava  plains  of,  501. 

Idocrase,  323. 

Igneous  rocks,  330, 336 ;  chemical 
composition  of,  339 ;  classifica- 
tion of,  342 ;  mineral  composi- 
tion of,  340 ;  regarded  as  rock- 
masses,  465 ;  specific  gravity  of, 
341 ;  structure  of,  337. 

Ilacolumite,  392. 

Ilfracombe,  cleavage  near,  523 ; 
inversion  near,  345. 

Ilmenite,  315. 

Inclination  of  beds,  416. 

Incrustations,  202. 

India,  floods  in,  142 ;  sand  drift 
in,  201 ;  basalt  plateaux  of, 
407. 

Indian  Ocean,  depth  of,  634. 

Indus,  gorge  of  the,  223,  482. 

Infiltration,  392. 

Inliers,  611. 

Interbedding,  378. 

Interbedded  lavas,  494,  497. 

Intrusive  sheets,  490. 

Inversion  of  beds,  429. 

Ireland,  Central,  subterranean 
streams  of,  1 18. 

Ireland,  South,  contortions  in 
rocks  of,  434;  detrition  of, 
610 ;  hills  and  valleys  in,  477  ; 
formations  in,  404. 

Ireland,  West,  marine  erosion  of, 
166 ;  landslips  in,  124 ;  volcanic 
rocks  of,  409. 


Irish  Sea,  depositB  in,  265. 

Ironstone,  93,  368. 

Iron  pyrites,  315. 

Irwell  valley,  gravels  of,  222. 

Ischia,  volcanoes  of,  .S7. 

Isoclinal  curves,  428. 

J. 

Jamaica,  red  soil  of,  194. 

Jarvis  Island,  gypsum  in,  247. 

Jasper,  314. 

Java,  gullies  in,  137. 

Joints,  400 ;  cuboidal,  402 ;  sur- 
face exhibition  of,  403;  hori- 
zontal, 405 ;  prismatic,  407. 

Jupiter  Serapis,  temple  of,  63. 

K. 

Kaibab  plateau,  structure  of,  427. 

Kalkhornfels,  508. 

Kanturk,  contorted  coal-measures 

at,  431. 
Kaolin,  91,  195,  197,  359. 
Karren-f elder,  88,  194. 
Katavothra,  118,  194.  197. 
Kent,  coasts  of,  174. 
Kentish  rag,  367. 
Kentish  Town,  well  at,  13. 
Kersantite,  348. 
Kilauea,  41,  43,  636. 
Killamey,  moraines  near,  229. 
Killas,  534. 

Killeen,  cleavage  at,  521. 
Killiney,  granite  areas  at,  485. 
Kilsith,  buried  valley  at,  78. 
Krakatau,  28. 

L. 

Labrador,  ice  on  coast  of,  270. 
Labradorite,  318. 
Laccolites,  492. 
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Lakes,  deposits  in,  234;  origin 
of,  159,  621. 

Lamination,  372. 

Land,  depression  and  elevation 
of,  66. 

Land-scnipture,  564. 

Landslips,  121,  627. 

Lapilli,  26. 

Laterite,  196. 

Lava,  filling  fissures,  21 ;  inter- 
bedded  sheets  of,  493;  floods 
of,  in  Western  America,  405  ; 
streams  of,  29, 495 ;  submarine, 
44. 

Leinster,  foliation  in,  534 ;  granite 
of,  481. 

Lepidolite,  320. 

Lepidomelane,  320. 

Leucite,  319 ;  dolerite,  349. 

Lewes  levels,  213,  260. 

Lherzolite,  349. 

Lias,  contemporaneous  erosion 
of,  550. 

Lignite,  237,  369 

Limerick,  volcanic  rocks  of,  498. 

Limestone,  altered,  507 ;  defini- 
tion of,  362 ;  formation  of,  250, 
275,  277 ;  hills,  559 ;  solution 
of,  86,  625 ;  varieties  of,  362. 

Limestone  banks,  modern,  279. 

Limonite,  241,  315. 

Lincolnshire,  action  of  rain  in, 
98 ;  gain  of  land  in,  258 ;  es- 
carpments of,  572. 

Lipari  Islands,  37,  39. 

Liparite,  345. 

Liquid  substratum,  17,  33,  638. 

Lisbon,  earthquake  of,  55. 

Lithographic  stone,  364. 

Littoral  deposits,  255. 

Lochlands,  236. 

Lodes,  461. 


Loess,  197. 

London,  ancient  rocks  below,  560. 
Luxullianite,  510. 
Lydian-stone,  507. 

M. 

Macclesfield  Bank,  291. 
Mackenzie  River,  237. 
Maelar,  Lake,  66,  68. 
Maelstrom,  181. 
Magnetite,  315,  369. 
Magnesian  limestone,  365. 
Malmstone,  359. 
Mammoth    Cave   of    Kentucky, 

120. 
Manganese  nodules,  300. 
Mangroves,  214. 
Map,  construction  of  geological, 

418. 
Marble,  364,  507. 
Marcasite,  315  ;  nodules  of,  398, 

399. 
Margarodite,  320. 
Marine  agencies,  165;  compared 

with  subaerial,  595;  deposits, 

249  ;  deposits  due  to  action  of 

ice,  267. 
Marine  organisms,  chemical  action 

of,  276. 
Marl,  361,  364. 
Marlstone,  364,  368,  550. 
Marocco,  calcareous  tufa  in,  203. 
Marshland  of  Lincolnshire,  258. 
Mauna  Loa,  eruption  of,  42. 
Mechanical  action  of  rain,  94. 
Mechanical    deposits,    234,    251, 

256,262. 
Meerschaum,  325. 
Melaphyre,  350,  510. 
Mendip  Hills,  rock  removed  from, 

610. 
Menelite,  314. 
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Mersey,  buried  valley  of  the,  77. 

Mesas,  603. 

Metacrasis,  504. 

Metamorphism,  329  ;  local,  531 ; 
district  and  regional,  536. 

Metamorphic    rocks,    329,    331, 
332,  504,  517. 

Metatropy,  504. 

Metaxis,  504. 

Metis  island,  46. 

Meyringen,  143. 

Mica,  319. 

Mica-traps,  347  ;  -schists,  512. 

Microcline,  317,  318. 

Micrographic  structure,  339. 

Microliths,  339. 

Microscope,  use  of  the,  333. 

Milledgeville,  ravine  at,  136. 

Minchinhampton,  curvilinear  bed- 
ding near,  385. 

Minerals,  rock-forming,  313. 

Mineral  veins,  461. 

Mines,  temperature  of  deep,  11. 

Minette,  347. 

Mississippi,  delta  of,  226 ;  matter 
transported  by,  135. 

Monkwearmouth,  mine  at,  12. 

Monoclinal  curves,  427,  460. 

Monoliths,  408. 

Moraines,  154,  228,  628. 

Morecambe  Bay,  256. 

Moselle,  valley  of  the,  147. 

Mould,  formation  of,  209. 

Mountain  chains,  age  of,  626; 
height  of,  634 ;  origin  of,  455 ; 
roots  of,  642 ;  as  proofs  of  de- 
trition, 642 ;  peaks,  597. 

Moume  mountains,  granite    of, 

482. 
Mud -flats,  257. 
Muds,  deep  sea,  294. 

Mudstone,  358. 


Mundesley,  waste  of  cliffs  at,  173. 
Muscovite,  319. 
'  Mylonite,  506,  512. 
Mynydd  Mawr,  475,  498,  575. 

N. 

Nailboumes,  112. 
Necks,  volcanic,  468. 
Needles,  view  of  the,  170. 
Nepheline,  319. 
Nephelinite,  349. 
Nevada,  U.S.,  salt  field  in,  243L 
Newfoundland,  coast-ice  at,  272. 
New  Orleans,  well  at,  226. 
New  Zealand,  Alps,  152 ;  earth- 
quakes in,  60 ;  geysers  of,  207. 
Niagara,  138.^ 
Nile,  delta  of,  227  ;  matter  traoA- 

ported  by  the,  135. 
Nodules,  concretionary,  396. 
Norfolk,  fens   of,  213 ;    loss    of 

land  along  coast  of,  172,  183; 

sand  hills  of,  200. 
Norite,  348. 

Northampton  ironstone,  93. 
Northampton  Sands,  erosion  o^ 

551. 
North  Sea,  deposits  of,  262. 
Norway,  elevation  of,  70. 
Nosean,  32a 
Nottingham,      contemporaneons 

erosion  near,  549. 
Nullipores,     fresh-water,    242  ; 

marine,  284. 
Nummulite  limestone,  363. 

O. 

Oahu,  beach  of,  277 ;  coral  rock 

of,  288. 
Oblique  bedding,  384. 
Obsidian,  346,  483. 
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Oceanic  deposits,  244. 

Oceans,  depth  of,  633. 

OchU  HUls,  501. 

Oil-shale,  371. 

Old  Red  Sandstone,  450, 501,  552. 

Oligoclase,  318. 

Olivine,  322. 

Onyx,  314. 

Oolite,  363  ;  formation  of,  285. 

Ooze,    glohigerina,    296 ;    radio- 

larian,  302 ;  diatom,  303 ;  ptero- 

pod,  295. 
Opal,  314. 
Ophicalcite,  508. 
Ophitic  stmctnre,  338. 
Organic  deposits,  209,  237,  278. 
Orthoclase,  92,  318. 
Ortho-felsite,  346.  - 
Outcrop,  417,  607. 
Outliers,  611. 
Overlap,  547. 
Overstep,  548. 
Oxide  of  iron,  314. 
Oxides,  309. 
Oxygen,  action  of,  308. 

P. 

Pacific  Ocean,  633  ;  deposits  and 

depth  of,  299. 
Pampas  of  S.  America,  620. 
Pan-ice,  270. 

Paragenesis,  of  minerals,  341. 
Paris,  artesian  wells  near,  13. 
Passes,  formation  of,  602. 
Patagonia,  deposits  off  coasts  of, 

190,  250;  terraces  in,  221. 
Peat,  formation  of,  211. 
Pedestal-houlders,  88. 
Pegmatite,  339,  344. 
Pennine  fault,  451. 
Pentland  Hills,  501. 
Peperino,  28,  352. 


PericlinaJ  curves,  426. 

Peridote,  321. 

Perthite,  318. 

Petrifaction,  325. 

Petroleum,  370. 

Petrology,  307. 

Pevensey  levels,  213,  260. 

Phacoids,  506. 

Phonolite,  319,  347. 

Phosphate  nodules,  317,  398. 

Phyllite,  509. 

Physiographical  Geology,  561. 

Picrite,  350. 

Pipe-clay,  360. 

Pisolite,  364. 

Pitchstone,  346. 

Plains  of  construction,  619 ;  of 

erosion,  565, 619. 
Plagioclase  felspars,  318. 
Planation,  565. 
Plombi^res,  silicates  of,  396. 
Plutonic  rocks,  337,  465,  483. 
Po,  delta  of  the,  225. 
Polycistina,  301. 
Pompeii,  destruction  of,  36. 
Poole  Harbour,  silting  up  of,  261. 
Porcellanite,  507. 
Porphyrite,  339. 
Porphyritic  structure,  338. 
Porphyroid,  514. 
Porphyry,  339. 
Portland,  quarry  at,  375. 
Port  Vallais,  236. 
Pressure,  results  of,  391. 
Procida,  37. 
Propylite,  511. 
Protogine,  514. 
Pseudomorphs,  326. 
Pteropod  ooze,  295. 
Pumice,  28,  300. 
Pumiceous  sand,  353. 
Purbeck,  isle  of,  177. 
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Puy  de  Dome,  467. 
Pyroxene,  320. 

Q. 

Quarrying,  art  of,  414. 

Quartz,  314. 

Quartz  felsite,  345, 483 ;  trachyte, 

345;   porphyrite,  345;    schist, 

513. 
Quartzite,  607  ;  hills,  597. 
Queensferry,  joints  at,  408. 
Quinquina,  earthquake  at,  59. 
Quito,  earthquake  at,  57. 

R. 

Radiolarian  ooze,  301. 

Rain,  chemical  action  of,  84;  me- 
chanical action  of,  94,  98. 

Rain-gullies,  136. 

Rain-wash,  189. 

Raised  beaches,  68,  70-72. 

Ravenspur,  destruction  of,  173. 

Reculver,  loss  of  land  at,  174. 

Red  clay  of  Atlantic,  299. 

Red  earth,  194. 

Reversed  faults,  453. 

Rhine,  country  near,  498 ;   delta 
of,  225. 

Rhone,  delta  of,  225,  236;  matter 
carried  in  solution  by,  134. 

Rhyolite,  345,  483. 

Richmond,  diatom  earth  of,  304. 

Rimutaka  Hills,  upheaval  of,  60. 

Riobamba,  earthquake  at,  58. 

Ripple  drift,  386. 

Rivers,  action  of,  126 ;  breach  of 
escarpments  by,  678  ;  deposits 
formed  by,  216,  261 ;  erosion 
by,  136;  how  formed,  126; 
salts  dissolved  in,  131 ;  trans- 
portation of  matter  by,  128; 
velocity  of,  127. 


Roach,  368. 

Roches  moutonn^es,  158 

Rock,  geological  meaning  of 
word,  326;  rock-basins,  629; 
rock-slices,  preparation  of,  334. 

Rocks,  analyt^is  of,  334  ;  classifi- 
cation of,  326;  fragmentary, 
328  ;  crystalline,  327  ;  igneous 
or  original,  331,  336,  463;  deri- 
vative or  stratified,  331,  355; 
metamorphic,  332,  506,  517; 
vitreous,  337. 

Rock-salt,  315,  365;  formation 
of,  244,  247  ;  solubility  of,  625l 

Rocky  Mountains,  action  of  frost 
in,  103,  192  ;  detrition  of,  618. 

Romney  Marsh,  260. 

Rose  Bridge  Colliery,  12,  395. 

Rossberg,  landslip  of  the,  122. 

Rossthwaite,  old  lake  at,  236. 

Rotomahana,  geysers  at,  207. 

Rottenstone,  89. 

Rowley    Regis,    basalt   of,   413, 

533. 
Russia,  plains  of,  632. 

Sahara  Desert,  632. 

Sahlite,  320. 

Salt.    See  Rock-salt. 

Salt  lakes,  242. 

Salts,  309;    in  springs,  114;   in 

lakes,  243;  in  the  sea,  216,  276; 

deposition  of,  243. 
Sand,  blown,  99 ;  formation  of, 

130. 
Sand-dunes,  200. 
Sand-flats  and  banks,  255. 
Sajhdstone,  357, 397  ;  -hills,  598. 
Sandwich  Islands,  277. 
Sanidine,  318. 
San  Filippe,  travertine  at,  205. 
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Santa  Maria,  elevation  of,  58. 
Santorin,  17,  47. 
Sarsen-stones,  96. 
Satin-spar,  316. 
SauBsurite,  510. 
Scandinavia,  elevation  of,  69. 
Scania,  subsidence  of,  75. 
Schalatein,  514. 
Schists,  511,  528,  534. 
Schorl,  323 ;  -rock,  510. 
Scorise,  26. 

Screes,  formation  of,  191. 
Sea,  action  of,  164;  deposits  in  the, 
249,273;  sea-ice,  184,267;  sea- 
water,  composition  of,  246;  sea- 
*     wave,  54.     See  Marine. 

Sections,  artificial  and  natural, 

418. 
Secular  contraction,  635. 

Sediment,  deposition  of,  224, 249, 
252. 

Segregation  veins,  485. 

Seismometers,  52. 

Selenite,  316. 

Selsey  Bill,  gain  of  land  at,  261 ; 
loss  of  land  at,  175. 

Septaria,  397. 

Serpentine,  322,  354,  511 ;  schist, 
513. 

Sericite,  320;  -schist,  513. 

Shale,  361,  381. 

Shallow  water  deposits,  250. 

Shap  granite,  508. 

Shear  surfaces,  524. 

Sheffield,  flood  near,  143. 

Shell  marl,  238. 

Shell  sands,  278. 

Sheppey,  landslips  in,  121,  174. 

Shingle  beaches,  253. 

Shore  platforms,  171,  593. 

Sierra  Nevada,  of  America,  104 ; 
of  Spain,  102. 


Silica,  crystallized,  314;  dissolved 
in  river  water,  133;  as  flint 
and  chert,  359. 

Silicates,  decomposition  of,  86. 

Siliceous  deposits,  239,  301. 

Siliceous  sinter,  206. 

SiUs,  490. 

Silt  and  mud  flats,  256. 

Silting  up  of  bays,  etc.,  259. 

Simeto,  gorge  of  the,  144. 

Skaptar  Yokul,  eruption  of,  31, 
32. 

Skye,  dykes  in,  491. 

Slate,  509. 

Slickensides,  438. 

Slievenamuck,  fault  at,  450. 

Smaragdite,  510. 

Snow,  its  conversion  into  ice, 
151. 

Snowdon,  497,  519. 

Soapstone,  325. 

Sodium  chloride,  deposition  of, 
243. 

Soil,  formation  of,  189,  209. 

Solf atara,  lake  of,  244  ;  crater  of, 
64. 

Solution  of  rock,  115;  lakes 
formed  by,  627. 

Somersetshire,  coal-field  of,  559. 

Spain,  elevation  of  north  coast, 
592. 

Specific  gravity  of  rocks,  341. 

Sperenberg,  boring  at,  13,  395. 

Spheroidal  structure,  412. 

Spitzbergen,  103,  162. 

Spotted  schist,  513. 

Springs,  causes  of,  108  ;  deposits 
from,  204 ;  hot,  13  ;  intermit- 
tent, 111 ;  minerals  dissolved 
in,  204. 

Sprudelstein,  114,  205. 

Spurn  Head,  172. 
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Staffa,  Isle  of,  409. 

Stalactite  and   stalagmite,  203, 

316. 
Staurolite,  322. 
Steatite,  325. 
Step-faults,  441. 
Stockholm,  elevation  near,  66. 
Stone  rivers,  191. 
St.  Paul's  Island,  46. 
Stratification,  373 ;    curvilinear, 

385 ;  diagonal,  385. 
Stratified  rocks,   303,   329,  332  ; 

their  origin,  355. 
Strike  faults,  448. 
Strike  of  beds,  417. 
Stromboli,  33,  37. 
St.  Vincent,  49. 
Subaerial  agencies,  595. 
Submarine  deltas,  266 ;  platforms, 

594. 
Submerged  forests,  75. 
Subsidence.    See  Depression. 
Subterranean  streams,  117. 
Suez,  Isthmus  of,  247. 
Suliblk,  erosion  of  coast  of,  172. 
Sulphate  of  lime.    See  Gypsum. 
Sulphates,  formation  of,  25. 
Sulphur  Bank,  mineral  veins  at, 

464. 
Sulphur  formed  near  volcanoes, 

25. 
Superior,  Lake,  236. 
Surface  agencies,  80. 
Sussex,  erosion  of  coast  of,  174 ; 

marshes  of,  260. 
Sutherland,  structure  of,  538. 
Swallow  holes,  115,  625. 
Swamp,  Great  Dismal,  212  ;  man- 
grove swamps,  214. 
Sweden,  change:}  of  level  in,  66  ; 

raised  beaches  of,  68;   subd- 

dence  in  South,  75. 


Switzerland,  action  of  frost  in, 
104;  contorted  rocks  in,  428; 
landslips  in,  121. 
Syene,  monolith  at,  408. 
j   Syenite,  346. 
I  Synclinal  curves,  423. 

I  ^' 

Table  of  depth   and  thickness, 

!       423. 

Table-lands,  formation  of,  592. 

:   Tachylite,  349. 

I  Talc,  319-324 ;  -schist,  513. 

Tarns,  origin  of,  624. 

Tectonic  classification  of  rocks, 

329. 
Tees,  valley  of  the,  77. 
Temperature  in  deep  mines,  11 ; 

effects  of  rapid  changes  in,  106. 
Teneriffe,  island  of,  24. 
Tephrite,  348. 
Terraces,    marine,    73,  207 ;    of 

river-gravel,  219;   cut  out  ol 

silted-up  valleys,  221. 
Terrestrial  agencies,  82 ;  deposits, 

181 ;  temperature,  100. 
Terrigenous  deposits,  limits  of, 

266. 
Thames,  matter  transported  by, 

136;   salts  dissolved   in,  132; 

silica  dissolved  in,  133. 
Thanet,  Isle  of,  259. 
Theralite,  348. 
Therasia,  island  of,  47. 
Thermal  springs,  114. 
Thick-coal  of  StafTordshire,  382. 
Thickness  of  beds,  380 ;  meaeore- 

ment  of,  421 ;   table  of  depth 

and,  423. 
Thickness  of  reef -rock,  287. 
Thinning  out  of  beds,  380. 
Thomastown,  section  near,  553. 
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Throw  of  faults,  436,  442. 

Thrust-planes,  453. 

Tiburstone,  204,  245. 

Tidal  currents,  action  of,  181. 

TierradelFuego,  211. 

Till,  230. 

Tinnevelly,  blown  sand  at,  201. 

Tipperary,  fault  in,  450. 

Tivoli,  flood  at,  143;  travertine 

at,  245. 
Tonga  Islands,  292. 
Tonalite,  345. 

Tourmaline,  323  ;  granite,  510. 
Trachyte,  346. 
Transferred  drainage,  576. 
Transgression,  548. 
Transvaal,  swallow  holes  in  the, 

117. 
Trap,  336. 

Trappean  rocks,  336. 
Travertine,  204,  245. 
Tremolite,  321. 
Tripoli-stone,  241. 
Troctolite,  349. 
Tufa,  204,  245. 
TufF,  volcanic,  28. 
Tundras  of  Siberia,  620. 
Tunguragua,  58. 
Tuscany,  travertine  in,  204. 
Twin  crystals,  313. 
Tyne,  valley  of  the,  77. 
Tyrol,  earth  pillars  of  the,  95. 

U. 

Uddevalla,  shells  at,  68. 

Uinta  Mountains,  104,  596,  611  ; 

scenery  of,  568. 
Unconformity,  542. 
Underelay,  379. 
Undercliff,  the,  123- 
Underground  circulation  of  water, 

106. 


Underlie  of  faults,  437. 
Unstratified  rocks,  329. 
Upernivick  Glacier,  160. 
Upheaval.    See  Elevation. 
UraUte,  321. 

Utah,  bad  lands  of,  97,  100  ;  salt 
lake  of,  243. 

V. 

Val  del  Bove,  38,  321. 

Valentia,  cleavage  at,  521. 

Valleys,  formation  of,  139,  144, 
565;  connection  with  faults,  626. 

Valparaiso,  raised  beaches  at,  68. 

Veins,  of  lava,  21 ;  of  granite, 
484 ;  mineral,  370. 

Venice,  deep  well  at,  1225. 

Vertical  succession,  law  of,  377. 

Vesuvius,  20,  27 ;  lava-streams 
of,  30,  35. 

Volcanoes,  20  ;  connection  with 
earthquakes,  49;  detrition  of, 
468 ;  examples  of,  .35  ;  extinct, 
466;  structure  of,  20;  sub- 
marine, 44. 

Volcanic  action,  causes  of,  32. 

Volcanic  bombs,  26. 

Volcanic  islands,  44. 

Volcanic  necks,  468. 

Volcanic  products,  25  ;  agglome- 
rate, 26;  ash,  26,  352;  gases, 
25  ;  tuflf,  28,  352. 

Volcanic  rocks,  91,  336,  465  ;  pe- 
trology of,  481. 

W. 

Wahsatch  Mountains,  104. 
Wales,  North,  cleavage  in,  519  ; 

geology  of,  666,  575. 
Wales,    South,    denudation    of 

608. 
Wash,  si1ting-up  of  the,  267. 
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Water,  action  of  hot,  396 ;  circn- 
lation  of,  108;  erosive  power 
of,  136  ;  minerals  dissolved  in, 
114;  solvent  power  of,  84; 
underground  action  of,  113. 

Waterfalls,  126,  587 

Waterford,  valleys  of,  675. 

Watersheds,  566. 

Waves,  power  of,  164. 

Weald,  valleys  of  the,  580. 

Weathering  of  rock  surfaces,  91, 
100. 

West  Point,  U.S.,  241. 

Whin  Sill,  the,  492. 

White  trap,  511,  633. 

Whittlesey  Mere,  marl  of,  239. 

Wight,  Isle  of,  shape,  168 ;  plat- 
form round,  694 ;  structure  of, 
418. 

Wilbraham,  gravel  at,  606. 


Wind,  action  of,  98. 
Winterboumes,  112. 
Worms,  mould  made  by,  209. 
Wyoming,  "bad  lands"  of,  97, 
100. 

Y. 

Yale  and  Bala  fault,  451. 
Yare,  valley  of  the,  77,  257. 
Yarmouth,  sands  of,  267. 
Yellowstone    Park,    geysers    of, 

205,  208. 
Yorkshire,  erosion  of   coast  of, 

172. 


Z. 


Zeolites,  323. 
Zwitter-rock,  510. 
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Boscobel  Tracts,  &c.    New  Edition,    s*-  C*S<»/-  9« 

aray's  Letters.    New  Edition.     Edited  by  the  Rev.  D.  C.  Tovey,  M.A. 


Schools  and  Masters  of  Fence.    By  C.  Egerton  Castle.     New  Edition. 

With  numerous  Illustrations.  [/«  tht/rau 

Montaigne's  Essays.    Cotton's  Translation,  revised  by  W.  C.  Hazlitt    New 
Edition.    3  Vols.  [/miAe^ms, 

Hartley  Coleridge's  Essays  and  Marginalia     Edited  by  the  Lord  Chief 

Justice.  IPrt/mra^. 

Hofflnann's  Works.    Trandated  by  Lieut.-Colonel  Ewing.    Vol.  IL 

Bohn's  Handbooks  of  Games.  New  enlarged  edition.  In  2  vols. 

Vol.  I.— Table  Gaaaes,  by  Ifajoi^General  Drajsoa,  R.A.,  R.  F.  Green,  aad  'Berkeley.' 
Il.oCard  Games,  by  Dr.  W.  Pole,  F.R.S.,  R.  F.  Green,  'Berkeley,  and  Baxter 
Wray. 

Bohn's  Handbooks  of  Athletic  Sports.    8  Vols.  iSt»^tt. 
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ADDISOITB  Work!.     Notes  of  Bishoi 
Hard.      Short  Memoir.  Portrait,  and 
Flatet  of  Medals.    6  vols. 

Tikis  is   the  most  complete  edstioo  of 
Addiaoo's  Works  iasned. 

ALFIBRI'B  TrAC«dles.  la  Bogliih 
Vena.  With  Notes,  Ar^umenU,  and  In- 
trodnctioo,  fay£.A.Bo«TUig«C.B.  stoIs. 

▲HBBIC  AN  POBTRT.  —  Su  Potty 
^fAmtriuu 

BACON'S  Moral  and  HlstorlMa 
WorkS|  inclading  Essays,  Apophthegnis, 
Wisdom  of  the  Andents,  New  Atbmiis, 
Henry  VII.,  Henry  VIII.,  Elisabeth, 
Hemy  Prince  of  Wales,  History  of  Great 
Britam.  Jolios  CaBsar.and  Aognstns  Cnsar. 
With  Critical  and  Biographical  Introdac- 
tioB  and  Notes  by  J.  Derey,  M.A.  Pbr- 
tnit. 

Stt  abo  PkUM0^kual  Library, 

BAT.T.ADS  AND  SONCW  of  tho  Pea- 
santry of  England,  from  Oml  Recitation, 
private  MSS.,  Broadsides,  Ac  Bdit.  by 
R.BeU. 


BEAUMONT      AND 

Selections.  With  Notes  and  Introdoctioa 
by  Leigh  Hnnt. 

BEGKMANN  (J.)  Hlstoty  of  Uitob- 

tioQS,  Discoveries,  and  Origins.  With 
Portraits  of  Berlnnann  and  James  Watt, 
t  vols. 

BBU.  (Bob«rt).-^M  Bailm4»,  Ckmmctr, 


I 


'8  LUli  of  Johnaoni  with 
the  TOUR    in  the    HEBRIDES   and 

iOHNSONIANA.  New  Edition,  with 
Votes  and  Appendices,  by  the  Rev.  A. 
Nanier.  M.A.,  IVinity  CoUmo,  Cam- 
Vicar  of  Holkham,  Editor  of  the 
Cambridge  Edition  of  the  *Theologxcal 
Works  of  BaiTOw.'  With  Fraotispiece  to 
•nchvoL    6vols* 

BBBMBR'8      (FMdorlkA)      Works. 
Tkans.  by  M.  Howltt.  Pbrtnit.  4  vols. 


BBINX    (B.    ten).     Early    Bng^li 

Literatnre  (to  WiaiO-    By  Bernhard  ten 
Brink.    Trans,  by  Prof.  H.  M.  Kennedy. 

BROWNE'S  (Sir    Thomas)  Works. 

Edit,  by  S.  Wilkin,  with  Dr.  Johnson's 


r.  Jol 


Life  of  Browne.    Portrait.    3 

BUBBE'S  Works.    6  vols. 

—  Speeches  on  the  Impeachment 
of  Warren  Hastings ;  acd  Letters,    a  vols. 

— —  Life.    By  Sir  J.  Prior.    Portrait. 

BUBNS  (Bobert).  Lifs  of.  By  J.  G. 
Lockhart,  D.CL.  A  new  and  enharged 
edition.  With  Notes  and  Appendices  by 
W.  Scott  Douglas.    Portrait. 

BUTLBB'S  (Bp.)  AnalOfT  of  Bell- 

gion,  Natorai  ana  Revealed,  to  the  Con- 
stitution and  Coarse  of  Nature :  wiUi  Two 
Dissertations  on  Identity  and  Virtae,  and 
Fifteen  Sermons.  With  Introdoctioaf, 
Notes,  and  Memoir.    PortraiL 

OAMOMN'S  Liudad«  or  the  Discovery 
of  India.  An  Epic  Poem.  Trans,  from 
the  Portuguese,  with  Dissertation,  His- 
torical Sketch,  and  Lile,byW.J.  Mkkle. 
5th  edition. 

0ARAFA8     (The{     of    Madilalonl. 

Niqples  under  Spanish  Dominion.  Titans, 
from  the  German  of  Alfred  de  Reomont* 
Portrait  of  MassanieUo. 


OABBELi    The  Oonntcr-BeTOlntUm 

in  England  for  the  Re-establishment  of 
Popery  under  Charles  II.  and  James  II., 
by  Armand  Carrel ;  with  Fox's  Histonr  of 
James  II.  and  Lord  Lonsdale's  Memoor  of 
James  II.    Portrait  of  CanaL 

O  ABBOTHBBS.  —  S$9  PopOt  U  lUm' 

GABT^  Dante.  The  Vision  of  Hell, 
Purntory,  and  Paiadise.  Trans,  by  Rev. 
H.  F.  Cary,  M.A.  With  Life,  Chrooole. 
gical  View  of  his  Ase,  Notes,  and  Index 
of  Proper  Names.    Portrait. 

This  is  the  authentic  edition.  «''^»«^*'*g 
Mr.  Car/s  last  conections,  witn  additional 
notes. 


BOHirS  LIBRARIES. 


OKUJSl  (Benvennto).    Memoirs  off 

ty  himself.  With  Notes  of  G.  P.  CarpanL 
Tnas,  by  T.  Roscoe.    Portrait. 

GEBVAirrES'  Galatea.  A  Pastoral 
Romance.   Trans.byG.  W.  J.Gyll. 

—  Bzemplary  Novels.  Trans,  by 
W.  K.  Kelly. 

-^  Don   Qnlzote  de  la   Mcmeha. 

Mottenx's  Translation  revised.  With  Lock- 
hart's  life  and  Notes,    a  vols. 

CHAUCER'S  Poetloal  Works.  With 
Poems  formerly  attribated  to  him.  With  a 
Memoir,  Introduction,  Notes,  and  a  Glos- 
sary, by  R.  Bell.  Improved  edition,  with 
PreUminaiy  Essay  by  Rev.  W.  W.  Skeat, 
M^    Portrait.    4  vols. 

CIiASSIC  TALES)  containing  Rasselas, 
Vicar  of  WakefielcL  Gulliver's  Travels,  and 
The  Sentimental  Journey. 

COLEBIDOE'S  (S.  T.)  Friend.  A  Series 
of  Essays  on  Morals,  Politics,  and  Reli- 
gion.   Portrait. 

~~-  Aids  to  Reflection.  ConfesslOBS 
of  an  Inqniring  Spirit;  and  Essays  on 
Faith  and  the  Common  Prayer-book.  New 
Edition,  revised. 

^  Table-Talk  and  Omnlana.  By 
T.  Ashe,  B.A. 

Lectures  on  Shakespeare  and 

other  PoeU.    Edit,  by  T.  Ashe,  B.A. 

Containing  the  lectures  taken  down  in 
x8xx-xaby~J.  P.  Collier,  and  those  de- 
livered at  Bristol  in  18x3. 

-^  Blographia  Llterarla;  or,  Blo- 

gmphical  Sketches  of  my  Literary  Life 
and  Opinions ;  with  Two  Lay  Sermons. 

»~  Miscellanies,  JBsthetlc  and 
Liteiary ;  to  which  is  added,  The  Thbory 
OF  Life.  Collected  and  arranged  by 
T.  Ashe,  B.A. 

COMMINES.— ^M  PJkiH/. 

CONDfrS  History  of  the  Dominion 

of  the  Arabs  in  Spain.  Trans,  by  Mrs. 
Foster.  Portrait  of  Abderahmen  ben 
Moavia.    3  vols. 

COWFER'S  Complete  Works,  Poems, 

Correnwndence,  and  Translations.  Edit, 
with  Memoir  by  R.  Southey.  45  En- 
gravings.   8  vols. 

COX  EPS  Memoirs  of  the  Dnke  ot 

Marlbcrongh.  With  his  original  Corre- 
spondence, from  family  records  at  Blen- 
heim. Revised  edition.  Portmits.  3  vols. 
\*  An  Atlas  of  the  plans  of  Marl- 
botongh's  campaigns,  4to.  xof .  6d. 


COXE'S  History  of  the  House  of 

Austria.  From  the  Foandatim  of  the 
Monarchy  by  Rhodolph  of  Hapsbnr;^  to 
the  Death  cA  Leopold  II.,  X3i8-x^a.  By 
Ardidn.  Ccnce.  With  Contiimabnn  firam 
the  Accession  of  Frauds  L  to  the  Revofai- 
tion  of  X648.    4  Portraits.    4  vols. 

CCmnNGHAM'S  Lives  of  the  most 

Eminent  British  Painters.  With  Notes 
and  x6  fresh  Lives  by  Mrs.  Heaton.  avals. 

DEFOE'S  Novels  and  MtsoeUaiieovs 

Works.  With  Prefiures  and  Notes,  in- 
dndin^  those  attribated  to  Sir  W.  Soolt. 
Portrait.    7  vols. 

DE  LOUIE'S  Constitution  of  Eng- 
land, in  which  it  is  compared  both  with  tfas 
Repnblican  form  of  Govenuneat  and  dte 
other  Monarchies  of  Eorope.  Edit.,  with 
Life  and  Notes,  by  J.  Macgrccor. 

DUNLOP'S  History  of  Ftotlon.    New 

Edition,  revised.  By  Hemy  Wiboa 
s  vols.,  ST.  each. 

EDGEWORTH'S  Stories  for  Chil- 
dren.   With  8  Illustrations  by  L.  ^m«L 

ELZE'S  Shakespeare.— 5^rr  Siai^^^ean 

EMERSON'S  Works.    3  vols. 

VoL  I.  —Essays,  Lectures,  and  Poems. 

Vol.  II.— English  Traits,  Nature,  and 
Conduct  of  Life. 

Vol.  III.— Sodety  and  Solitode— Lettcn 
and  Social  Aims — Miscellaneops  Papcn 
(hitherto  uncoUeaed)— May-Day,  ftc 

FOSTER'S  (John)  lAtb  and  Corr^ 

spcndence.  £dit.  by  J.  E.  Ryland.  For 
trait,    s  vols. 

-^  Leotnres  at  Broadmead  Chap^ 

Edit,  by  J.  E.  Rybmd.    3  vols. 

Critical  Essays  eontrlhnted  to 

the  *  Eclectic  Review/     Edit,  by  J.  E. 

Ryland.    a  vols. 

_  Essays :  On  Decision  of  Charao- 

ter ;  on  a  Man's  writing  Memoirs  of  Him- 
self; on  the  epithet  Romantic;  00  one 
aversion  of  Men  of  Taste  to  Evangeliol 
Rdigion. 

Essays  on  the  Evils  of  Popnlar 

Ignonuce,  and  a  Discourse  on  the  Propap 
gation  of  Christianity  in  India. 

Essay  on  the  ImproTement  of 

Time,  with  Notes  of  Sermons  and  other 
Pieces. 

Foeterlana :  selected  from  periodicBl 

papers,  edit,  by  H.  G.  Bchn. 

POX  (Rt.  Hon.  C.  JJ-^SW  Cflrr*^ 


STANDARD  LIBRARY. 


eiBBOlTB  Decline  and  Fall  of  the 

Roman  Empire.  Complete  and  nQabridged, 
with  varionim  Notes ;  including  those  of 
Guixot.  Wenck,  Niebohr,  Hugo,  Neander, 
and  others.    7  vols,    a  Maps  and  Portnit. 

GOETHB'S  "Works.  Trans,  into  English 
bv  B.  A.  Bowring.  C.B.,  Anna  Swanwick, 
Sir  Walter  Scott,  &c  &c.    14  toIs. 

Vols.  I.  and  II. — ^Autobiogniphy  and  An- 
nals.   Portrait. 

VoL  III.— Faust.    Complete. 

Vol.  IV.— Novels  and  Tides :  containing 
Elective  Affinities,  Sorrows  of  Werther, 
The  German  Emigrants,  The  Good  Wo- 
men, and  a  Nouvelette. 

Vol.  v.— Wilhebn  Meister's  Apfnentice- 
shin. 

Vol.  VI. — Conversations  with  Eckerman 
aadSoret. 

Vol.  VII.— Poems  and  Ballads  in  the  ori- 
ginal Metres,  including  Hermann  and 
Dorothea. 

V0I.VIII.— Goetzvon  Berlichingen,  Tor- 
qoato  Tasso,  Egmont,  Iphigenia,  Clavigo, 
wayward  Lover,  and  Fellow  Culprits. 

VoL  IX.  — Wilhehn  Meister's  Travels. 
Complete  Editbn. 

Vol.  X.  —  Tour  in  Itahr.  Two  Parts. 
And  Second  Residence  in  Kome. 

VoL  XI.— Miscellaneous  Travels,  Letters 
from  Switzerland,  Campaign  in  France, 
Si^e  of  Mainz,  and  Rhine  Tour. 

VoL  XII.-Early  and  Miscellaneous 
Letters^  including  Letters  to  his  Mother, 
with  Biocraphy  and  Notes. 

VoL  Xll  I .— ^Correspondence  with  Zelter. 

VoL  XIV.-Reineke  Fox,  West-Eastern 
Divan  and  Achilleid.  Translated  in 
original  metres  by  A.  Rogers. 

—  Correepondenoe  with  Soliiller. 
a  vols.~xS^M  SckUUr, 

—  Favst.- ^r«  CollegiaU  Series. 

OOLDSMTTH'S  Works.    5  vols. 

VoL  I.— Life, Vicar  of  Wakefield,  Essays, 
uid  Letters. 

Vol.  II.— Poems,  Plays,  Bee,  Cock  Lane 
Ghost. 

Vol.*  III.— The  Citisen  of  the  World, 
P<^te  Learning  in  Eun^M. 

Vol.  IV.— BiognH;>hies,  Criticisms,  Later 
Essavs. 

Vol.  v.— Prefaces,  Natural  History. 
*^ters,  Goody  Two-Shoes,  Index. 

O^jars.  MARLOWE,    and   BEN 

JONSON  (Poems  of).    With  Notes  and 
Mem«us  by  R.  BeU. 

^'victrmes,  and  Duties  of  the  f^r;«f^^"  Re- 
ligion. 


ORIBIM'8  HouMhold  Tales.  With  the 
Orighial  Notes.  Trans,  by  Mrs.  A.  Hunt. 
Introduction  by  Andrew  Lang,  M.A.  9 
vols. 

OUIZOT'8  History  of  RepreeentatlTe 

Government  in  Europe.    Trans,  by  A.  R. 
Scoble. 

Bngflleli  Rewolntlon  of  1040.  From 

the  Accession  of  Charles  I.  to  his  Death. 
T^rans.  by  W.  Hazlitt.    Portrait. 

History  of  dvUleatlon.   From  the 

Roman  Empire  to  the  French  Revolution. 
Trans,  by  W.  Hazlitt.    Portraits.    3  vols. 

HALL'S  (Bew.  Bobert)  Works  and 
Remains.  Memoir  by  Dr.  Gregory  and 
Essay  bv  J.  Foster.    Portrait. 

HAUFF'S  TUes.  The  Caravan— The 
Sheikh  of  Alexandria — The  Inn  in  the 
Spessart.    Translated  by  Prof.  S.  Mendel. 

H A WTHOBNB*B  Tftles.   3  vols. 

VoL  I.— Twice-told  Tales,  and  the  Snow 
Image. 

Vol.  II.— Scarlet  Letter,  and  the  Honss 
with  Seven  Gables. 

VoL  1 1 L— Transformation,  and  Blithe> 
dale  Romance. 

HAZLrTTS  (W.)  Works.  7  vols. 
Table-Talk. 

The  Idteratnre  of  the  Age  of 

Elizabeth  and  Characters  of  Shakeq>eare't 
Phiys. 

English  Poets  and  Bullish  Oomle 

Writers. 

The  Plain  Speaker.    Opinions  00 

Books,  Men,  and  'Dungs. 

—  Bonnd  Table.  Conversations  of 
James  Northcote,  R.A. ;  Characteristics. 

Sketches  and  Essays,  and  Winter- 
slow. 

Spirit  of  the  Age:  or,  Contem. 

porary  Portraits.  New  Edition,  by  W. 
Carew  Hazlitt. 

HEINE'S  Poems.  Translated  in  ths 
original  Metres,  with  Life  by  E.  A.  Bow- 
ring,  C.B. 

Travel-Plotares.    The  Tour  in  the 

Harz,  Nordemey,  and  Book  of  Ideas,  to- 
gether with  the  Romantic  SchooL  Trans, 
by  F.  Storr.    With  Maps  uid  Appendices. 

HOFFMANN'S  Works.  The  Seramon 
Brethren.  Vol.  I.  Trans,  by  Lt.-CoL 
Ewing.  [Vai,  //.  in  Hu  /nm. 

HOOPER'S    (O.)     Waterloo:     The 

Downfall  of  the  First  Napoleon :  a  His- 
tory of  the  Campaign  of  1815.  By  George 
Hooper.  With  Maps  and  Plans.  New 
Editioo,  revised 


BOHSrS  UBRAR2BS. 


HUGO'S  (Viotor)  Dranmtlo  Works 

Henuni— RnyBlafr— TheKing'sDivcinoD. 
Translated  by  Mis.  Newton  Ctaduid  and 
F.  L.  Sloos. 

Po«iil0|  chiefly  Lyrical.     CoUected  by 

H.  L.  WiUuuns. 

HmtGART:  its  BSatory  and  Rbto- 

lotioOi  with  Memoir  of  Kotsath.   Portrait* 

HUTCHINSON  (Colonel).  Momoin 
of.  By  his  Widow,  with  her  Antobio- 
naphir,  and  the  Siege  of  Lathom  Hoata. 
rortraiL 

IBVINO'S    (WMhlnffton)   ComploU 

Works.    z5  vols. 
Ufi»  and  Iietten.    By  his  Nephew, 

Pierre  E.  Irring.     With  Index  and  a 

Portrait    a  vols. 

JAMES'S  (G.  P.  B.)  Ufa  of  Rlcluurd 

Coenr  de  lioo.    Portraits  of  Richard  and 
Philip  Aogustos.    a  vols. 
^—  Louis  ZIT>    Portraits,    s  vob. 

JAMESON   (Mrs.)     Shak«Q>Muro*s 

Heroines.  Characteristics  of  Women.  By 
Mrs.  Jameson. 

JEAN  PAUL.— ^M  Rkkter, 

JOHNSON'S    Uves    of   the    Poets. 

Edited,  with  Notes,  by  Mrs.  Alexander 
Napier.  And  an  Introduction  by  Pro- 
fessor J.  W.  Hales,  M.A.    3  vols. 

JONSON  (Ben).  Poems  ofr-^9f#(;rr<«#. 

JOSBPHUS  (Flavtns),  The  Works  of. 

Whiston's  Translation.  Revised  by  Rev. 
A.  R.  ShiUeto,  M.A.  With  Topographical 
and  (jeographical  Notes  by  Colonel  Sir 
C.  W.  WUson,  K.C.B.    5  vols. 

JUNIUS*S  Letters.  With  Woodfall's 
Notes.  An  Essay  on  the  Authorship.  FaD> 
similes  of  Handwriting,    a  vols. 

LA  FONTAINE'S  FaUes.  In  English 
Verse,  with  Essay  on  the  Fabnlistt.  By 
EUxor  Wright. 

LAMABTINSS  The  CMrondlstSt  or 

Personal  Memoirs  of  the  Patriots  of  ths 
French  Revolation.  Trans,  by  H.  T. 
Ryde.  Portraits  of  Robespiefre,  Madame 
Roland,  and  Charlotte  Corday.    3  v<ds. 

— —  The  Bestoratton  of  Mon«r< 
in  France  (a  Sequel  to  The  C 
5  Portraits.    4  voIb. 

The  French  BeTolutlon  of  IMS. 

Portraits. 

LAMB'S  (Charles)  EUa  and 
Complete  Rditinn.    Pntrait. 


U 


LAMB'S  (Charles) 
English  Dramatic  Poets  of  the 
Eliabeth.  With  Notes  and  the 
from  the  (Sanick  Plays. 

—  Talfonrd's  Letters  of 
Uunb.      New   Edition,    by    W. 
Uailitt.    s  vols. 


Off 

of 


LANZI'S  Hlstorr  of  Palntfnc  la 

Italy,  from  the  Penod  of  the  Revival  of 
the  Fine  Arts  to  the  End  of  the  i8ih 
Ontury.  With  Memoir  and 
Trans,  by  T.  Rosooe.    3  vols. 


LAPPENBEBCS  Bnaland  nndsr  ths 
Anglo-Saxon  Kings.  Trans,  by  B.  Thorpe, 
F.SwA.    a  vols. 

LESSfNCPS  Dramatle  ^Forks. 
plete.    By  E.  BelL  M.A.    With  Mi 
by  H.  Zinunem.    Portrait,    a  vols. 

^—  Laokooni  Dramatic  Noteoi 
Representation  of  Death  by  the  Aaocotb 
Trans,    by    E.    C.    Beasley    and 
Zimmem.    Frontispiece. 


LOCKE'S  PhUosophleal  WorkSf 

taining  Human  Undeggtanding.CoDtiOfciiy 
with  Bishop  of  Worcester,  lialebraachej 
Opinions,  Natural    Philoeophy, 
and  Study.    With  Introduction, 
and  Notes,  by  J.  A.  St.  John, 
a  vols. 

Life  and  Letters,  with  Extnctsfinm 

his  Common-place  Books.    By  Lord  King 


LOCKHABT  (J.  G.)-^«r  Bt 

LUTHEB'S  Ttthle-TUk.  Tkaas.  by  W. 
HaxlitL  With  Life  by  A.  Chahawrs,  and 
LuTHnt's  Catstmism.  Portrait  albr 
Cranach. 

Autobiography.— ^M  JfarAWML 


History  of  Flo* 
rence,  Thb  Primcb,  Savonarola,  Historical 
Tracts,  and  Memoir.    Portrait. 

MABLOWE.    Poems  o&— %Sar  ^^nmc 

BfABTINEAU*S    (Harriet)    History 

of  Enghmd  (including  History  of  the  Peaoq 
from  Z800-X846.    s  ^'ols. 


MENZEL^S  Historj  of 

from  the  Earliest  Penod  to  184a, 
traits.    3  vols. 


Fte- 


MICHELET'S    AntoMosraphy  of 

Luther.     Trans,  by  W.  HaiUtt.     ^i^ 
Notes. 

The  French  Bevolntloin  to^  the 

Flight  of  the  King  in  1791.    FroBtispiece. 


The 

fitMB  1789  to  18x4. 


qf  NapolsoB. 


STANDARD  LIBRARY. 


BOItTOirS   ProM  Works.    With 
fiioe,  PreliminMry  Remarks  by  J.  ▲.  St. 
Johii,  and  Index.    5  vols.    Portraits. 


—  Poetioal  Works. 

Engraviogs.    a  vob. 


With  190  Wood 


MITFORD*B    (Miss)    CHur   ▼lllAf«* 

Sketches  of  Raral  Chsiarter  and  Scenery, 
t  EngraTuigs.    •  vols. 

MOUBRBV    OrAiBAtle    Works.     In 

English  Prose,  \tj  C.  H.  Wall.  With  a 
Life  and  a  Portrait.    3  vols. 

'  It  is  not  too  much  to  say  that  we  have 
here  probably  as  ipood  a  translation  of 
Moli^  as  can  be  given.' — Actuitmy. 

MONTAGU.    Letters  and  Works  of 

Lady  Mary  Wortley  Montagu.  Lord 
Wbamdiffe^s  Third  Edition.  Edited  by 
W.  ^  Moy  Thomas.  New  and  revised 
edition.  With  steel  plates,  a  vols,  s^* 
each. 

MOHTESQ UlEUV  Spirit  of  Laws. 
Revised  Edition,  with  IrAlembert's  Analy- 
sis, Notes,  and  Memoir,    a  vols. 


(Dr.  A.)  History  of  the 
Christian  Religion  and  Church.  Trans,  by 
J.  Totrey.    WiUi  Short  Memoir,    xo  vols. 

LUli  of  JesQS  Christ,  In  Its  His- 

torical  Connexion  and  Development. 

-—  The  Planting  and  Training  of 
the  Chrisrian  Church  by  the  Apostles. 
With  the  Antignosticus,  or  Spirit  of  Ter- 
tulliaa.    Tians.  by  J.  £.  Ryland.    t  vols. 

-^  Leotores  on  the  History  of 
Christian  Dogmas.  Trans,  by  J.  E.  Ry. 
land,    tvols. 

—  Memorials  of  Christian  Llili  In 

the  Early  and  Middle  Ages;  including 
Light  in  Dark  Places.    Trans,  by  J.  E. 

NORTH'8  Lives  of  the  Right  Hon. 

Francis  North,  Baron  Guildford,  the  Hon. 
Sir  Dudley  North,  and  the  Hon.  and  Rev. 
Dr.  John  North.  By  the  Hon.  Roger 
North.  EditedbyA.Jessopp,D.D.  With 
3  Portraits.    3  vols.    3*.  6d,  each. 

'  Lovers  of  xood  literature  will  rejoice  at 
the  appearance  of  a  new,  handy,  and  oom> 
plete  edition  of  so  ju^ly  lamous  a  book, 
and  will  congratulate  tnemselves  that  it 
has  found  so  competent  and  skilful  an 
editor  as  Dr.  Jessopp.' — Times. 


(8.)  History  of  the  Sara- 
cens and  their  Conquests  in  Syria.  Persia, 
and  Egypt.  Comprising  the  Lives  of 
M<rfiammed  and  his  Sucoesson  to  the 
Death  of  Abdabnelik,  the  Eleventh  Caliph. 
By  Simon  Ockley,  B.D.,  Portrait  of  Mo- 

PASCAL'S  Thoughts.  Translated  from 
the  Text  of  M.  Auguste  Molinier  by 
C.  Kq;an  Paul.    3rd  edition. 


PERCYS  Rellqnes  of  Anolent  Eng- 
lish Poetrvi  consisting  of  Ballads,  Soii|pi, 
and  other  Pieces  of  our  earlier  Poets,  with 
some  few  of  later  date.  With  Essay  00 
Ancient  Minstrels,  and  Glossary,    a  vols. 

PHnJP  DE  COMMINB8.    Memoirs 

of.  Containing  the  Histories  of  Louis  XI. 
and  Charles  \lll.,  and  Charies  the  Bold, 
Duke  of  Buraundy.  With  the  History  of 
Louis  XI..  by  Jean  de  Troyes.  Trans- 
lated, with  a  Life  and  Notes,  by  A.  R. 
Sooble.    Portraits,    a  vols. 

PLUTARCHTS  LIVES.  Translated,  with 
Notes  and  Life,  by  A.  Stewart,  M.A, 
hue  Fellow  of  Trinity  College,  Ounbridge, 
and  G.  Long,  M.A    4  vols. 

POETRY  OF  AMERICA.    Seleetlons 

from  One  Himdred  Poets,  from  1776  to 
1876.  With  Introductorv  Review,  and 
Spedmens  of  Negro  Melody,  by  w.  J. 
Linton.    Portrait  of  W.  Whitman. 

RACINE'S  (Jean)  Dramatlo  Works. 

A  metrical  English  version,  with  Bio- 
sraphical  notice.  By  R.  Bruce  BosweU, 
M.A.  Oxon.    a  vols. 

RANJLB  (Im)   History  of  the  PopeSf 

their  Church  and  State,  and  their  Conflicts 
with  Protestantism  in  the  z6th  and  17^ 
Centuries.  Trans,  by  E.  Foster.  Portraits 
3  vols. 

—  History  of  Servla.  T^ans.  by  Bfis. 
Keir.  To  which  is  added.  The  Slave  Pro* 
vinoes  of  Turkey,  by  Cyprien  Robert. 

History  of  the  Latin  and  Ten* 

tonic  Nations.  X494-15X4.  Trans,  bv 
P.  A.  Ashworth,  translator  of  Dr.  Gnetst  s 
'  History  of  the  Ungliah  Constitution.' 

REUMONT  (Alfred  de).— ^m  Cmr^/a$. 

REYNOLDS'  (Sir  J.)  Literary  Works. 
With  Memoir  and  Remarks  by  H.  W. 
Beediy.    s  vols. 

RICHTER  (Jean  PanI).  Lerana, 
a  Tkeatise  on  Education ;  together  with  the 
Autobiography,  and  a  short  Memoir. 

— —  Flower.  Fmlt,  and  Thorn  Pleeesy 

or  the  Wedded  Life,  Death,  and  Marxuge 

of  Siebenkaes.  Trtmslated  bv  Alex.  Swing. 

Ihe  only  complete  English  transbrion. 

ROSCOVS  (W.)  Lift  of  Leo  Xm  wkh 

Notes,  Historical  Documents,  and  Disieri 
tation  on  Lucretia  Borgia.  3  Portraits, 
s  vols. 

—  Lorenio  def  Medlol,  called  'Ths 
Magnificent,'  ~ 

Letters, 


with     (Copyright     Notes, 
With   M( 


jnc     xnocas, 
.  Ac      With   Memoir  of 
RoBcoe  and  Portrait  of  Lorenao. 

RUSSIAi    History   of,   from   the 

earliest  Period  to  the  (Mmean  War.    By 
W.  K.  Kelly.    3  Portraits.    •  vols. 
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BOHirS  LIBRARIES. 


SGBILLER'B  Works.  _?  vols. 

Vol.  I.— History  of  thcThirty  Yean' War. 
Rev.  A.  J.  W.  Morrison,  M.A.    Portnit. 

Vol.  II.— History  of  the  Revolt  in  the 


Netherlands,  the  Irials  of  Counts  Egmont 


Morrison  and  L.  Dora  Schmitz. 

Vol.  III.— Don  Carlos.  R.  D.  Boylan 
^Mary  Stoart.  MeUish— Maid  of  Or. 
leans.  Anna  Swanwick — Bride  of  Mea- 
sina.  A.  Lodge,  M.A.  Together  with  the 
Use  of  the  Choms  in  Tnigedy  (a  short 
Essay).    Engravings. 

These  Dramas  are  all  translated  in  metre. 

VoL  IV.— Robbers— Fiesoo— Love  and 
Intri^e — Demetrins — Ghost  Seer— Sport 
of  Divinity. 

The  Dramas  in  this  volume  are  in  prose. 

Vol.  v.— Poems.    E.  A.  Bowring,  C.R 

Vol.  VI.— Essays,  iEsthetical  and  Philo- 
sophical, including  the  Dissertation  on  the 
Cranexioo  between  the  Animal  and  Spixi- 
tmJ  In  Man. 

Vol.  VII.  — Wallenstein's  Camp.  J. 
Churchill.  —  Piccol<»nini  and  Death  oi 
WaUcnstein.  S.  T.  Coleridge.— William 
Tell.  SirTheodoreMartin,K.C.B.,LL.D. 

SCHILLER  and  GOETHE.  Corre- 
spondence between,  from  a.d.  X794*zBos. 
Trans,  by  L.  Dora  Schmits.    a  vols. 

8CHLEOEL  (F.)  Laotnrei  on  the 
Philosophy  of  Life  and  the  Philosophy  of 
Language.    Trans,  by  A.  J.  W.  Monison. 

-—  The  History  of  Literature*  Andent 

and  Modem. 

^  The  Philosophy  of  History.  With 
Memoir  and  Portrait.  Trans,  by  J.  B. 
Robertson. 

— ^  Modem  History,  with  the  Lectures 
entitled  Csesar  and  Alexander,  and  The 
Beginning  of  our  History.  Trsmslated  by 
L.  Tureen  and  R.  H.  Whitelock. 

^—  JEsthetlo  and  Mlsoellaneons 
Worlo.  containing  Letters  on  Christian 
Art,  Essay  on  Gothic  Architecture,  Re- 
marks on  the  Romance  Poetry  of  the  Mid- 
dle A^es.  on  Shakspesue,  the  Limits  of  the 
B^utiful,  and  on  the  Lam^uage  and  Wis- 
dom of  the  Indians.    By  £.  J.  Millingtcm. 

BCHLEGEL  (A.  W.)  Dramatlo  Art 

and  Literature.  By  J.  Black.  With  Me- 
moir by  Rev.  A.  J.  W.  Morrison.    Portrait. 

8CHX7MANN  (Robert),  His  Life  and 
Works.  By  A.  Reissmann.  Trans,  by 
A.  L.  Alger. 

Early  Letters.    Translated  by  May 

Herbert.    With  Preface  by  Sir  G.  Grove. 

SHAKESPEARE'S    Dramatio  Art. 

The  History  and  Character  of  Shakspeare's 
Plays.  By  Dr.  H.  Ulrid.  Trans,  by  L. 
Dora  Schmits.    a  vols. 


SHAKESPEARE  (WiUiam).  A 
Literary  Biography  by  Karl  Elxe,  PI1.D., 
LL.D.  Translated  by  L.  Dora  Schmiti*  5s. 

SHERTDAN*S  Dramatio  "Works.  With 

Memoir-   Portrait  (after  Reynolds). 

SISMONDrs  History  of  the  Lttara. 

ture  of  the  South  of  Europe.  Trans,  hf 
T.  Roscoe.    Portraits.    9  vols. 

SMITH'S  (Adam)  Theory  of  Moral 
Sentiments  ;  with  £ssay  on  the  Fint  For^ 
mation  of  Languages,  uid  Oitical  Memoir 
by  Dugald  Stewart. 

'—  Si€  Economic  Library* 

SMYTH'S  (Proltessor)  Leotores  on 
Modem  Histovy ;  from  Uie  Immtioa  of  tibs 
Northern  Nations  to  the  dose  off  the  Anaeri* 
can  Revolution,    a  vols. 

Leotnres  on  the  Frenoh  Rewdta- 

tion.    With  Indejc.    a  vols. 

SOUTHET.— ^S'/tf  Comfort  IVittUf,  m^ 
ilUmtraiod  Library)  NeUom, 

STURM'S    Morning   Conuni 

with  Ckxl,  or  Devotional  Meditataons 
Every  Day.  Trans,  by  W.  Johnstone,  MJL 

SULLT.    Memoirs  of  the  Doke  of| 

Prime  Minister  to  Henry  the  (yreat.  Wn 
Notes  and  Historical  Intxodoctioa.  4  Pw< 
taaits.    4  vols. 

TAYLOR'S   (Bishop    Jeremy)    Holy 

Living  and  Dying,  with  PraYen,  roniain. 
ing  the  Whole  Duty  of  a  Christian  and  the 
parts  of  Devotion  fitted  to  all  Orcasinns. 
Portrait. 
TEN  BBSKBU—See  Brink, 

THIERRY'S  Conquest  of  England  ty 

the  Normans;  its  Causes,  and  its  (jobsb. 
quences  in  Elngland  and  the  Contiocat. 
By  W.  HazlittTWith  short  Memoir,  a  Par» 
traits,    a  vols. 

ULRICI  {'Dr.y-^oo  Shakesftmrt. 

VASARI.  LiYOB  Of  the  moitt  Bmlatnt 

Painters,  Sculptors,  and  Ardiitecia.  By 
Mrs.  J.  roster,  with  selected  Notes.  Vot- 
trait.  6  vols.,  VoL  VI.  being  an  addition^ 
Volume  of  Notes  by  Dr.  J.  F.  Rtchter. 

VOLTAIRE'S  Tales.  Translated  by 
R.  B.  Boswell.  Vol.  I.,  containing '  Ba- 
bouc,'  Memnon,  Candide,  L'Ing£au,  and 
other  Talcs. 

WERNER'S  Templars  in  Cyiims. 
Trans,  by  E.  A.  M.  Lewis. 

WESLEY,  the  Lifte  of.  and  the  Rise 

and  Progress  of  Methocusm.  By  Robert 
Southey.    Portrait.    5«. 

WHSATLEY.   A  Rational  lUiistra* 

tion  of  the  Book  of  (Common  Prayer. 

YOUNO  (Arthur)  Travels  in  Franoe. 
Edited  l>y  Miss  Betham  Edwards.  Whk 
a  Portrait. 


HISTORICAL  AND  PHILOSOPHICAL  LIBRARIES. 


HISTORICAL    LIBRARY. 

23  Volumes  at  y.  each.    {$1,  15^.  per  set,) 


Diary  and  Correspond- 

deoce,  with  the  Pnvate  Correspondence  of 
darles  I.  and  Sir  Edward  Nicholas,  and 
between  Sir  Edward  Hyde  (Earl  of  Claren- 
don) and  Sir  Richard  Browne.  Edited  from 
the  Original  MSS.  by  W.  Biay,  F.A.S. 

Lvols.     A%  Engravings  (after  Vandyke, 
Jy,  KneUer,  and  Jamieson,  &c). 

N.B.— This  edition  contains  130  letters 
from  Evelyn  and  his  wife,  printed  by  per* 
misMon,  and  contained  in  no  other  ecUtion. 


Memoirs  of  tho  Court  of 

England  nnder  the  Stuarts,  including  the 
Pntectorate.  3  vols.  With  Index  and  48 
Portraits  (after  Vandyke,  Lely,  &c.). 

—  Memoirs  of  the  Pretenders  and 

their  AdherenU.    6  Portraits. 


GRAMMOKT  (Count).  Memoirs  of 
the  Court  of  Charles  II.  Edited  by  Sir 
Walter  Scott.  Together  with  the  '^Bos- 
cebel  Tracts,'  including  ts9o  not  before 
published,  &c.  New  Edition,  thoroughly 
revised.    With  Portrait  of  Nell  Gwynne. 


PEPTS'  Diary  and  Correspondenoo. 

With  Life  and  Notes,  by  Lord  Braybrooke. 
With  Appendix  containing  additional 
Letters  and  Index.  4  vols.,  with  31  En- 
craving  (after  Vandyke,  Sir  P.  Lely, 
Holbein,  Kneller,  ftc). 

N.B.— This  is  a  reprint  of  Lord  Bray- 
brooke's  fourth  and  last  edition,  containing 
all  his  latest  notes  and  corrections,  the 
copyright  of  the  publishers. 

NU  GENT'S    (Lord)   Memorials   of 

Hampden,  his  Party  and  Times.  With 
Memoir.  zs  Portraits  (after  Vandyke 
and  others). 

STRICKLAND'S  (Agnes)  LItss  of  tho 

8ueens    of  EnglaJod   from   the   Norman 
[>nquest.     From   authentic   DocnmentSf 
public  and  private.    6  Portraits.    6  vols. 

Life  of  Biary  Queen  of  Soots. 

s  Portraits,    a  vols. 

UTes  of  the  Tudor  and  Stuart 

Princesses.    With  a  Portraits, 


PHILOSOPHICAL  LIBRARY. 

17  Vols,  at  5J.  eachf  excepting  these  marked  otherwise,     (3/.  l^.  per  set.) 


BACON'S  Novum  Organum  and  Ad- 
vancement of  Learning.  With  Notes  by 
J.  Devey,  M.A. 


A  Handbook  of  the  History 

of  Philosophy,  for  the  use  of  Students. 
Bt  E.  Belfort  Bax,  Editor  of  Kant's 
'  Prolegomena.' 

COMTE'S  Philosophy  of  the  Sdenoes. 

An  Exposition  of  the  Principles  of  the 
Courrde  PkUasopkU  Pontiv*.  By  G.  H. 
Lewes,  Author  of '  The  Life  of  (Soethe.* 

DRAPER  (Dr.  J.  W.)   A  History  of 

the  Intellectual  Development  of  Europe. 
■  vols. 

HEOELV  Philosophy  of  History.   By 
J.  Sibree,  M.A. 

KABHTS  Critique  of  Pure  Reason. 
By  J.  M.  D.  Meiklejohn. 

•—  Prolegomena  and  Metaphysical 

Foundations  of  Natural  Science,  with  Bio- 
iphy  and  Memoir  by  E.  Belfort  Bax. 
it. 


LOGIC,  or  the  Sdenoe  of  bifMrenoo. 

A  Popular  Manual.    By  J.  Devey. 

MTT.LBR  (Professor).  History  Philo- 
sophically Illustrated,  from  the  Fall  of  the 
Roman  Emi>ire  to  the  French  Revolution. 
With  Memoir.    4  vols.    31.  6d.  each. 

SCHOPENHAUER  on  the  Fourfold 

Root  of  the  Principle  of  Sufficient  Reaseo, 
and  on  the  Will  in  Nature.  Trans,  from 
the  Cyerman. 

Essays.    Selected  and  Translated  by 

E.  Belfort  Bax. 

SPINOZA'S  Chief  "Works.  Trans,  with 
Introduction  by  R.  H.  M.  Elwes.   a  vob. 

Vol.  L— Tractatus  Theok)gico-PoUticas 
—Political  Treatise. 

Vol.  II.— 'Improvement  of  the  Under* 
ttanding--Ethics— Letters. 
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BOB/rS  LIBRARIES. 


Bo61eslMtlOAl  RlstoiT 
of  Enaebias  Famphilas,  Bishop  of  Ccrarea. 
Trans,  hf^  Rev.  C.  F.  Grose,  M.A.  With 
Notes,  Ufe,  and  Chronological  Tables. 

EVAQBIUB.    Btotorj  of  the  Oliiiroh. 

-Sm  TkModortt. 

BARD^VICK.  HirtoiTOftliaArtlolM 

of  Religion ;  to  which  is  added  a  Series  of 
Docoments  from  a.d.  1536  to  a.d.  16x5. 
Ed.  hy  Rev.  F.  Proctor. 

■BNBT*B  (IfAtthew)  Exposition  of 
the  Book  of  PMlms.   Nnmerous  Woodcuts. 

PBABSON  (JohAf  D.D.)    BzposltlOB 

of  the  Creed.    Edit,  by  £.  Walford,  M.A. 
yfvCtL  Notes,  Analysis,  and  Indexes. 


THEOLOGICAL    LIBRARY. 

15  Vols,  at  5J.  each  {except  Chillingwortk,  31.  &/.).     (3/.  13X.  6<i.perset.) 

PHILO-JUDJSU8,    Worka  _oC. 

Contemponuy  of   Toaephos. 
C.  D.  Vonge.    4  vols. 

PHIL08T0  Rains. 

History  cC—See  •S'mmmw. 

SOCRATES'  Eodfiriartteftl  «M«r7« 

ConqMrising  a  Htstory  of  the  Chnidi 
Constantine,  A.D.  305.  to  the  38th  year  of 
Theodosius  II.  With  Short  Aocoont  af 
the  Anthor,  and  selected  Notes. 

SOZOMEirS  Boolo«lftrticaI  HIstorj. 

A.D.  334-440.  With  Notes,  Pke&lory  Re* 
maifcs  by  Valesins,  and  Shoct  Meanic. 
Together  with  the  Eoclbsiastxcai.  Hb- 
TOBV  OP  Prilostorgiusju  astomiaed  by 
Photins.  lVans.byReY.  E.WaUbtd,MJk. 
With  Notes  and  brief  Life. 


mtroductloa  to   the  Old 

TestamenL  By  Friedrich  Bleek.  Tkans. 
under  the  supervision  cf  Rev.  E.  VenaUes, 
Residentiary  Canon  of  Lincoln,    a  vols. 

GHILUNGWORTH'S    RellftOB   of 

Protestants,    js.  6tL 


THSODORET  mnA  EVAGRIUS. 

tones  of  the  Chorch  froai  a.b.  33a  to  te 
Death  of  Theodore  of  Mopsoestia,  ka, 

197 ;  and  from  a.d.  431  to  a.d.  S44-    With 
femoirs. 

WnSSELER'S  OCatI)  ChronoloclMl 

Synopsb  of  the  Four  Gospda.    Trans,  by 
Rev.  Canon  Venables. 


ANTIQUARIAN   LIBRARY 

35  Vcls.  at  y,  tack.    (8/.  i$s.per$et.) 


AN0L04AX0N  CHRONICLE.  -  ^#f 

B€d4. 

ASSERTS  Lite  of  Albrod.-^M  ^'tjr  O.  R, 
CArfnicleg, 

BEDE'S    (Veiierable)   Eocltwriiutloftl 

History  or  England.  Together  with  the 
Anglo^axon  Chroniclb.  Wuh  Notes, 
Short  Life,  Analyus,  and  Map.  Edit,  by 
J.  A.Gaca,  D.CL. 

BOETHIUS'S  ConsolAtlOB  of  Phllo- 

Alfred's  Anflo-Saxon  Ver- 
an  English  TVanslatioo  on 
Notes.  Introduction,  and 
Rev.    S.   Fox,  M.A.     To 
which  is  added  the  Anglo-Saxon  Version  of 
the  Mbtrbs  of  Bokthius,  with  a  free 
Tnmslation  by  BCartin  F.  Tapper,  D.CL. 

BRANDnS    Popular    AntlqnltlM    of 

England,  Scotland,  and  Ireland.  Illos- 
trating  the  Origin  of  our  Vulgar  and  IVo- 
vindal  Customs,  Ceremonies,  and  Super* 
stidons.  By  Sir  Henry  Ellis,  K.H..  F.R.S. 
Frontispiece.    3  vols. 


sophy. 

sionof.    Wit 
opposite  pages, 
Glossary,   by 


CHRONICLES    of  tht 

Contempomrv  NanatiYes  of  Richard  < 

de  Lion,  bjr  Richard  of  Devises  and  Gao^ 
fttj  de  Viasauf ;  and  of  the  Ouaada  aft 
Saint  Louis,  by  Lord  John  da  JoamDa. 
With  Short  Notes.     Illuminated  rianris 
piece  from  an  <^  MS. 

OYER'S  (T.  F.  T.)    BritUh  Popoiar 

Customs,  Present  and  Past.  An  Aocowift 
of  the  various  Games  and  Cottoaas  aascK 
dated  with  different  Days  of  the  Year  in 
the  British  Isles,  azvanged  aooordiac  to  iha 
Calendar.  By  the  Rev.  T.  F. 
Dyert  M.A. 


EARLY  TRAVELS  IN  PALESTIHB. 

Comprising  the  Narratives  of  AicuH^ 
Willibald,  Bernard,  Ssewnlf,  Sigurd,  Ben> 
jamin  of  T^dela,  Sir  John  Manndaville, 
De  la  Brooouiire,  and  Maundrell ;  all  u^ 
abridged.  With  Introduction  and  Notes 
by  Thomas  Wright.    Map  of , 


ANTIQUARIAN  LIBRARY. 


II 


gk)  8p«Qlm«ui  of  Barly  Bn> 
etrical  Romances,  reUtinf  to 
Aithnr,  Merlin,  Guy  of  Wanrick,  Richard 
Coear  de  Li<»i,  Charlemagne,  Roland,  ftc. 
Ac.  With  Historical  Introduction  hy  J.  O. 
Halliwell,  F.R.S.  Illuminated  Frontis- 
piece fixMa  an  old  MS. 


Chronloto  ot.—Sgt 
Six  O.  £,  CkromcUi. 

FLORBNCB    OF    WORCB8TBB'8 

Chronicle,  with  the  Two  Continuations: 
comprising  Annals  of  English  History 
finsm  the  DaMutnre  of  the  Romans  to  the 
Reign  of  Edward  I.  Trans.,  with  Notes, 
by  Tlunnas  Forester,  M.A. 

OBOFFRET    OF    MONMOUTH. 

Chronicle  of.— ^m  Six  O.  £.  Ckrvmicles. 

GBSTA    ROMANORUM,   or    Bntor- 

taining  Moral  Stories  inTented  by  the 
Monks.  Trans,  with  Notes  by  the  Rev. 
Charles  Swan.    Edit  by  W.  Hooper,  M.A. 

OIUIAB.  Chroniola  of.^.S'M  Six  O.  S, 
CkrtmicUs, 

eiRAIJ>UB  CAMBRBN8X8*  Histori- 
cal Works.  Containing  Topography  of 
Ireland,  and  History  of  the  Conquest  of 
Ireland,  br  Th.  Forester,  M.A.  Itineimry 
through  Wales,  and  Descriptioo  ef  Wales, 
by  Sir  R.  Colt  Heare. 


OF  HUJNTlMODOirS  His- 
tory of  the  English,  firom  the  Roman  In- 
ynaaacL  to  the  Accession  of  Henry  II. ; 
with  the  Acts  of  King  Stephen,  and  the 
Letter  to  Walter.  By  T.  Forester,  MA. 
Frsntispieoe  firom  an  old  MS. 

OfOUUHV  ChroBlolOB  of  flio  Abboj 

of  Croyland,  with  the  Continuation  Inr 
Feter  of  Blois  and  others.  Trans,  witli 
Notes  by  H.  T.  RUey.  B.A. 

KBIOHTLBT'B  (Thonuw)  Falrj  My- 

thology,  illnstiative  of  the  Romance  and 
Superstition  of  Various  Countries.  Frootis- 
piece  by  Cruikshank. 

LBP8IU8'8    Loturs  Itom   Bff^rpt, 

Ethiopia,  and  the  Peninsula  of  Sinaa ;  to 
which  are  added,  Extracts  firom  his 
Chronology  of  the  Egyptians,  with  refer- 
eooeto  the  Exodus  of  toe  Isnelites.  By 
L.  and  T.  B.  Horaer.  Maps  and  Cokmred 
Vi«w  of  Mount  BarkaL 

MALLBP8  Horthom  AnttqultlM,  or 

an  Historical  Account  of  the  Manners, 
Customs,  Relifiions,  and  Literature  of  the 
Andent  ScandinaTians.  Tnuis.  by  Bishop 
Focy.  With  Transition  of  the  Paoss 
EoDA,  and  Notes  by  J.  A.  Bladcwetl. 
-  ■     «E 


Also  an  Abstract  of  the 
by  Sir  Waker  Scott, 
and  Cokmred  Frontispieoe 


ggiaSaga' 
Glossary 


MARCO  POLO'S  TraToU;  with  Notes 
and  Introduction.     Edit  by  T.  Wri^t. 

MATTHBW  PARI8>8  English  Hte- 
tory,  from  zsas  t3  XS73.  By  Rev.  J.  A 
Giles,  D.C.L.  With  Frontbpwce.  stoIs.— 
Su  ml$§  Rtgtr  0/  IVtttdtver, 

BIATTHEW   OF   WE8TMIN8TBR>8 

Flowers  of  History.  espedallT  sudi  as  re- 
late to  the  affiurs  ot  Britain,  from  the  be- 
ginning of  the  World  to  a.d.  zaoy.  By 
C.  D.  Yonge.    a  vols. 

1IBMJI1U8.  Chronlolo  of»—Su  Six 
O.  £.  Ckr09ucl49. 

ORPBMCU8VITALI8'Eccl€>rta«tto1 

History  of  England  and  Nmrmandy.  With 
Notes,  Introduction  of  Guiaot,  and  the 
Critkal  Notne  of  M.  DeliUe,  by  T. 
Forester,  M.A.  To  which  is  added  the 
CiaoNta.s  OP  St.  Evkoult.  With  Gene- 
ral and  Chronolegical  Indexes.    4  vols. 

PAULF8  (Or.  R.)  LlllB  of  Alfiro4  tko 
Great  To  which  is  appended  Alfired's 
Anglo-Saxon  Vbbsion  op  Okosius.  Whh 
literal  Tkanslation  interpaged.  Notes,  and 
an  AngloSaxon  Grammak  and  Glossary, 
by  B.  Thorpe.    Froatbpiece. 

RICHARD    OF    CIRENCB8TBR. 

Chronicle  ef.~^M  Six  O,  B.  CkrwmicUt. 


Pi 


Ettslish  History,  comprising  the , 

of  England  and  of  other  Countries  ttf  Eu- 
rope from  A.O.  73s  to  A.D.  xeei.  Whh 
Notes  by  H.  T.  Riley.  B.A    s  vols. 

ROGER  OF  WENDOVBR'B  Flowers 
of  History,  comprising  the  History  of 
England  from  the  I>escentof  the  Saxons  to 
A.O.  1S15,  formerly  ascribed  to  Matthew 

~  ■     wi     - 


^ith  Notes  and  Index  by  J.  A* 
Giles,  D.C.L.    s  vols. 

MOL  OLD  ENaUUm  CHRONIOLBB  • 
vis.,  Asser's  Life  of  Alfred  and  the  Chroni- 
cles of  Ethelwerd,  Gildas.  Nennius,  Geof- 
frey of  Monmouth,  and  Kichani  of  Ciren- 
caster.  Edit,  with  Notes,  by  J.  A  Giles* 
D.CL.    Portrait  of  Alfrod. 

WILLIAM     OF     MALMB8BI7RT'8 

Chronicle  of  the  Kin«  of  England,  ftwn 
the  Earliest  Period  to  King  Stephen.  By 
Rev.  J.  Sharpe.  WithNotes  by  J.  A. 
Giles,  jO.C.L.    Frontispiece. 

TULB-TIDB  8TORIBJi.  A  Collection 
of  Scandinavian  and  North-German  PMpu- 
lai  TaleA  and  Traditions,  from  the  Swoduh, 
Danish,  and  German    Edit  by  B.  Thorpe. 


IS 


BOffN^S  LIBRARIES. 


ILLUSTRATED   LIBRARY. 

78  V9h,  at  5x.  tach^  ixctptmg  those  marked  otherwise.     (19/.  ^s,  6d,  per  set,) 

ALLBirs  (lOMPlii  R*H.)  BatttM  of 

th«  British  Navy.    Revised  edition,  with 


Indexes  of  Names  and  Events,  and  57  Por- 
traits and  Flans,    a  vols. 


AHDBRSEirs  Dwrilflli  Fatrr  TaIm. 

By  Caroline  Peachey.  With  Short  Life 
and  zao  Wood  Engravings. 

▲BI08TO*8  Orlando  FnrlOM.  In 
English  Vene  hy  W.  S.  Rose.  With  Notes 
and  Short  Memoir.  Portrait  after  Titian, 
and  94  Steel  Engravings,    a  vols. 

BBCHSTEHTS  CaM  and  Ohambor 

Birds :  their  NaturalHistory,  Habits,  ftc 
Together  with  Swbbt's  Bkitish  Wax- 
BLBKS.  43  Coloored  Plates  and  Woodcuts. 

BOKOBO'S  NlBOTeta  and  its  Palaoea. 

The  Discoveries  of  Botta  and  Lavard 
applied  to  the  Elucidation  of  Holy  Writ. 
7  Plates  and  994  Woodcuts. 

BUTXXR'S  Hndlliras,  with  Varioram 
Notes  and  Biography.  Portrait  and  aS 
IHnstrations. 

CATTERM OUS'S  Bvenlngs  at  Had- 

don  Hall.  Romantic  Tales  of  the  Olden 
Times.  With  94  Steel  Engravings  after 
Cattennole. 

CHDfAy  Plotoiial,  Deocrtptlve,  and 

Historical,  with  some  account  of  Ava  and 
the  Burmese.  Siam,  and  Anam.  Map,  and 
neariy  zoo  Illustrations. 

ORAIK'8  (Q.  Im.)  Pnrralt  of  Enow- 
ledge  under  Difficulties.  Illustrated  by 
Anecdotes  and  Memoirs.  Numerous  Wood, 
cut  Portraits. 

CRUIKSHANK'S  Three  Conreea  and 
a  Dessert ;  comprising  three  Sets  of  Tales, 
West  Country,  Irish,  and  L^al ;  and  a 
Melange.  With  50  Illustrations  by  Cruik- 
shank. 

—  Punch  and  Judy.  The  Dialogue  of 
the  Puppet  Show ;  an  Account  of  its  Cmgin, 
ftc.  9J[  Illustrati<»is  and  Coloured  Plates 
by  Cmikshank. 

D  ANTBt  in  Bnslish  Verse,  by  I.  C.  Wright, 
M.A.  With  Introduction  and  Memoir. 
Portrait  and  34  Steel   Engravings   after 


OIDROIP8  Chrletiaa  lOonocraVhyi 

a  History  of  Christian  Art  in  the  Middk 
Ages.  By  the  late  A.  N.  Didroo.  Tzant. 
by  E.  J.  Millington,  and  completiriL  «ndi 
Additions  and  Appendices,  ay  Mai]|aret 
Stokes,  a  vols.  With  numeroasllli  ^ 


VoL  I.  The  History  of  the  Nimbus,  the 
Aureole,  and  the  Glory;  RepiesentatioBS 
•f  the  Persons  of  the  Trinity. 

VoL  II.  The  Trinity;  Angela;  Devih; 
The  Soul ;  The  Christian  Sch« 


DTER  (Dr.  T.  H.)  Pompoll:  its  Build* 
in^  and  Antiouities.  An  Aocoont  of  dsi 
Ci^,  with  full  Deacriptioo  of  the  Bmiaini 
and  Recent  EzcavationSjatid  an  Itinemy 
for  Visitors.  By  T.  H.  Dyer.  M.D. 
Nearly  300  Wood  Engravinics,  Map,  and 
Plan.    71. 6d. 

Rome:    History  of  the   Citj,  with 

Introduction   on    recent  Sxcavanooa.    8 
Engravings,  Frontispieoe,  and  a  Maps. 


OIL   BLA8.    The  Adventnrea  oft 

From  the  French  of  Lesace  by  .Smnllwlt 
94  Engravings  after  Smirke,  and  zo  Etch- 
ings by  Cmikshank.    6za  pages.    6r. 

ORHOFB  Gammer  Grethel;  or,  Ger* 

man  Fairy  Tales  and  Popolar  Storiss. 
containing  4a  Fairy  Tales.  By  Bdor 
Taylor.  Numerous  Woodcuts  after  Crnk- 
shank  and  Lndwig  Grimm.    31.  64, 


HOLBEnrs   Danoe   of   Death 

Bible  Cuts.    Upwaids  of  Z50  Subjects,  co- 

Saved  in  iacsimile,  with  Introdnction  and 
escriptions  by  the  late  Frauds  Daooe 
and  Dr.  Dibdin. 


INDIA,  Pictorial,  DeiyilpttwOi  and 

Historical,  from  the  Earliest  Times,    zoo 
Engravings  00  Wood  and  Map. 


JEBSB'B  Aneodotee  of 

40  Woodcuts  after  Harvey, 
othen ;   and  34   Steel 
Cooper  and  Landseer. 


Dogs.    With 


Engravings   after 


EINOm  (O.  W.)  Natural  Hlatory  of 
IVecious  Stones  and  Metals.  IIfaiistra> 
tioitt.    6$, 


iLLUSTRATRD  LIBRARY. 
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LODGE'S  Portraits  of  lUiiBtrloiu 
Pers<»affe&  of  Great  Britain,  with  Bio- 
sraphicaD  and  Historical  Memoirs.  340 
Fortraits  engraved  on  Steel,  with  the 
respective  Biographies  onahridged.  Com- 
plete in  8  vols. 

XiCNQFELLOWS    Pootioal    Work*, 

iidnding  his  Translations  and  Notes,  si 
fiiU-page  Woodcuts  by  Birket  Foster  and 
others,  and  a  Portrait. 

V^thout  the  Illustrations,  ^f .  fid. 

—  Pro«e  Work!.  With  16  full-page 
Woodcuts  by  Birket  Foster  and  others. 

LOUDON'S  (Mn.)  Entertaining  Na- 
turalist. Popular  [Descriptions,  Tales,  and 
Anecdotes,  of  more  than  500  Animals. 
Nuaerous  Woodcuts. 


KABRTArS 


Master- 


>JfclM%«  J^A'P     (Capt^    R«N«)       MAcavwa- 

man  Ready ;  or,  the  Wreck  of  the  Pacific, 
(Written  for  Young  People.)  With  93 
Woodcnts.    3f .  6</. 

Mission;  or.  Scenes  in  AfHoa. 

fWritten  for  Young  People.)  Illustrated 
by  Gilbert  and  Dalziel.    31.  td, 

Pirate  and  Three  Catters.  (Writ- 
ten for  Young  People.)  With  a  Memoir. 
8  Steel  Engravings  after  Clarkson  Stan- 
field,  R.A.    31.  &? 

— >  Privateersman.  Adventures  by  Sea 
and  Land  One  Hundred  Years  Ago. 
(Written  for  Young  People.)  8  Steel  En- 
gravings.   3f .  &£ 

«—  Settlers  in  Canada.  (Written  for 
Yoang  People.)  xo  Engravings  by  Gilbert 
and  J^ftlaei.    31.  id, 

— —  Poor  Jack.  (Written  for  Young 
People.)  With  x6  Illustrations  after  Clark, 
son  Stanfield,  R.A.    31.  td. 

Midshipman  Easy.  With  8  full- 
page  Illustrations.    Small  post  8vo.  si*.  6dL 

Peter  Simple.  WithSfiiUpagelUus- 

trations.    Small  post  8vo.  3X.  &/. 

BKAXWELL'S  Victories  of  Welling- 
ton  and  the  British  Armies.  Frontispiece 
and  4  Portraits. 

anCHAEL  ANGEIfO  and  RAPHAEL. 

Their  Lives  and  Works.  By  Du^pa  and 
Quatrem^re  de  (Dnincy.  Portraits  and 
Engravings,  including  the  Last  Judgment, 
anaCartoons. 

MUDIE'S  HistoxT  of  British  Birds. 
Revised  by  W.CU  Martin,  sa  Figures  of 
Birds  ana  7  coloured  Plates  of  Eggs, 
a  vols. 


NAVAL   and  mUTART   HEROES 

of  Great  Britain  ;  a  Record  of  British 
Valour  on  every  Day  in  the  year,  from 
Wilham  the  O>nqueror  to  the  Battle  ol 
Inkermanxi.  By  Major  Johns,  R.M.,  and 
Lieut.  P.  H.  Nicolas,  R.M.  Indexes.  S4 
Portraits  after  Holbein,  Reynolds,  &c  &r. 

NICOLINFS  History  of  the  Jesuits : 

their  Origin,  Progress,  Doctrines,  and  De- 
signs.   8  Portraits. 

PETRARCH'S    Sonnets,    THomphs. 

fi?  otherPoems,  in  English  Verse.  With 
Life  by  Thomas  CampbelL  Portrait  and 
15  Steel  Engravings. 

PIOBZRING'S  History  of  the  Raoes 

of  Man,  and  their  Geographical  Distribu- 
tion :  with  An  Analytical  Synopsis  or 
TOE  Natural  History  of  Man.  By  Dr, 
Hall.  Map  of  the  World  and  la  coloured 
Plates. 

POPE'S  Poetioal  Works,  including 
Translations.  Edit.,  with  Notes,  by  RT 
CaiTuthers.  a  vols.  With  numerous  lUus- 
trations. 

Homer's    Iliad,   with   Introduction 

^^^  **y.  ^^'  J-  S.  Watson,  VLJi, 
With  Flaxman's  Designs. 

Homer's  Odyssey,  with  the  Battls 

OP  Frogs  and  Micb,  Hymns,  ftc,  by 
other  translators  including  Chapman.  In- 
troduction and  Notes  by  J.  S.  Watson, 
M.A.    With  Flaxman's  iJesigns. 

Life,  including  many  of  his  Letters. 

By  R.  Carmthers.  Numerous  Illustrations. 


POTTERY   AND    PORCELAIN,   and 

other  objects  of  Vertu.  Comprising  an 
Illustrated  CaUlogue  of  the  Bemal  Col- 
lection, with  the  prices  and  names  of  the 
Possessors.  Also  an  Introductory  Lecture 
on  Pottery  and  Porcelain,  and  an  Engraved 
List  of  ul  Marks  and  Monograms.  By 
H.  G.  Bohn.    Numerous  Woodcuts. 

— —  With  coloured  Illustrations,  xor.  &f. 


PROITPS  (Father)  Reliqnes.  Edited 
b^  Rev.  F.  Mahony.  Copyright  edition, 
with  the  Author's  last  correctjons  ana 
additions,  ax  Etchings  by  D.  MacUse, 
R.A.    Nearly  600  pages. 

RECREATIONS  IN  SHOOTINO.  Witii 
some  Account  of  the  Game  found  in  the 
British  Isles,  and  Directions  for  the  Manage- 
ment of  Dog  and  Gun.  By  '  Craven.'  6a 
Woodcuts  and  9  Steel  Engravings  after 
A.  Cooper,  R.A. 
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BOHirS  LIBRARIBS. 


Inaeot 

vised  by  Rev.  J. 
WoodcuU. 


Arohltecturs.    Re- 
G.  Wood,  M.A.    z86 


ROBINBON  CRUBOB.  With  Memoir  of 
Defoe,  za  Steel  Engravings  and  74  Wood- 
cats  after  Stothard  and  Harvey. 

-^  Without  the  Engravings,  v*  ^ 

ROME  IN  THENINETEBNTH  CSN- 

tnzy«  An  Account  in  1617  of  the  Rains  sf 
the  Ancient  City,  and  Monuments  of  Modem 
Times.  By  C.  A.  Eaton.  34  Steel  En- 
gravings,   a  vols. 


ffl.)   The  History  of  Egypt, 

from  the  Earliest  Times  tUl  the  Conqaest 
by  the  Aiabs,  A.D.  640.  a  Maps  and  ap- 
wards  of  400  Woodcuts,    a  vols. 

SOUTHET'B  Life  of  Nelaon.  With 
Additional  Notes,  Facsimiles  of  Nelson's 
Writins,  Portraits,  Phms,  and  50  Engrav- 
ings, after  Birket  Foster,  &c. 

STARUNCra  (MiM)  Noble  Deeds  of 

Women ;  or,  Exanq>les  of  Female  Coaiage, 
Fortitude,  and  Virtae.  With  14  Steel  Por- 
traits. 

STUART  and  REVETTH  Anttqvdtlee 

of  Athens,  and  other  Monuments  of  Ureece ; 
with  Glossary  of  Terms  used  in  Gredan 
Architecture.  71  Steel  Plates  and  numerous 
Woodcuts. 

SWEET'S  Britleh  Wurblere.  51.— ^m 


•AI.BS    or    THE    QENH;  or,   the 

Delightful  Lessons  of  Hoiam,  the  Son  of 
Asmar.  Tians.  bySirCMorrell.  Numer- 
oas  Woodcuts. 


_    DeliTered.    la 

»»«  Verse,  with  Lifie,  by 
With  B  Engravings  and  m 


TASSO'S 

English 
0[.  Wi 
Woodcuts. 


WALKER'S 

tainiQ^  Skatu^,  Ridin^»Driviqg^ 
Shootmgi  Sailmg,  Rowing,  Swimming.  «e. 
44  Engravings  and  nomeroos  Woodcnt& 

WALTON'S  Oomiaete  An^er  I  or  the 

Contemplative  Man's  Recreatioii,  oy  laak 
Walton  and  Charles  Cotton,  with  Me> 
moin  and  Notes  by  E.  Jesse.  Abo  as 
Account  of  Fishing  Stations,  Tackl«,  Ac, 
by  H.  G.  Bohn.  Portrait  and  aoB  Wood- 
outs,  and  96  Engravings  on  Steel. 


LlTesof  Donne,  Wotton*  hoos 

Ac  with  Notes.     A  New  Editioo, 
vised  by  A  H.  Bollett,  with  a  M« 
of  laaak  Walton  by  William  DowUag.    6 
Portraits,  6  Autograph 


WELLINQTON,   LUH  of.     Fran  ^ 

Materials    of    MazweU.      t8 
gravings. 

Tietortoe  of^— ^m  MmxweU. 


Ardkseologiri 
Roman.    ByH. 
Illustrations. 


.)  A  Handbook 
itiu,  Greek, 

W-*     -       —  ^T< 

escrapp.    m 


of 


WHATEIi  Natona  HlsUnr  of  S«l* 

borne,  with  Observatioos  on  various  PMts 
of  Nature,  and  the  Naturalists'  Cakndsr. 
Sir  W.  Jardme.  Edit.,  with  Notes  and 
Memoir,  by  E.  Jesse.  40  Portraits  aed 
ookrared  Plates. 


CLASSICAL  LIBRARY. 

Translations  from  the  Gresk  and  Latin. 
105  Vols,  mt  5j.  each,  excepting  these  marked  otherwise.    {25/.  13J.  per  set.) 

TATIUS.  —  See     Greek 


Remattcu, 


»,    The    DrABUM    of.     In 

English  Verse  by  Anna  Swanwidt.     4th 
edition. 
-—  The  Tragedies  of.    In  Prose,  with 
Notes  and  Introducti<Mi.  by  T.  A.  Buckley, 
B.A.    Portrait.    31.  6tf. 

AMMfANUS  MARCELLDTUS.    Hle- 

tory  of  Rome  during  the  Reigns  of  Con- 
stantius,  Julian,  Jovianus,Valentiman,  and 
Valens,  by  C.  D.  Yonge,  B.A.  Double 
volame.     7«.  6d 


AMTOHIHUS    (M.    Anrtiliie)| 

Thoughts  of.  Translated,  with  N4 
Biographical  Sketch,  and  Essay  on  the 
Philosophy,  by  Georf*  Long,  M.A. 
3f .  6d.  Fine  Paper  edition  on  hand-made 
paper.    6f. 

APOLLOmUS  RHODIUS.    *TheAr- 

gonauUca.'  Translated  by  E.  P.  Coleridge. 

APULEZUS,    The  Works  of.    Com* 

{arising  the  Golden  Ass,  God  of  Soerales, 
Florida,  and  Discourse  of  Magic,  Ax- 
Frontispiece. 


CLASSICAL  UBRAR  Y. 
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ARI8TOPHANB8*  ComedlM.  Tkws.. 
with  Notn  and  Extracts  fixnn  Frere's  ana 
other  Metrical  Venioos,  by  W.  J.  Hidde. 
Portrait,    a  vols. 

ARISTOTLE'S  Nleonrnffihiwrn  Btbloa. 

Trans.,  with  Notes,  Analytical  Introdoc- 
tkMu  and  Qaestions  for  Students,  by  Yen. 
Arcndn>  Browne. 

«—  Polltlos  And  Eoonomlos.  Trans., 
with  Notes.  Analyses,  and  Index,  b^  E. 
Walford.  M.A.,  and  an  Essay  and  Lite  by 
Dr.  Gtlh'es. 

—  Metaphysioft.  Tirans.,  with  Notes, 
Analysis,  and  Examination  Qoestions,  by 
Rer.  John  H.  M'Mahon,  M.A. 


—  History  of  Anlnuds.  In  Ten  Books. 
TVans.,    with   Notes  and   Index,  by   R. 

Grcsswul,  U.A. 


—  Organoii ;  or,  Lofical  Treatises,  and 
the  Introduction  of  Forphirry.  With  Notes, 
Analysis,  and  Introdnctsoo,  \rj  Rer.  O. 
F.  Owen,  M.A.    s  vda.    y.  6a  < 


—  Shetorto  And  Poetios.  TVans.,  with 
Hdbbes'  Analysis.  Exam.  Questions,  and 
Notes,  by  T.  Buckley,  B.A.    Portrait. 


THEN^US.     Tho  D«lniiOM»plilitf 

Truis.  by  C.  D.  Yonge,  B.A.    With  ai 
Appendix  of  Poetical  Fracments.    3  "f^^ 


ATUEKMUB 

Truis.  b^ 
Appendix 

ATLAS  of  ClAMical  Omogrmphj,   ea 

larse  Coloured  Maps.  Wi£  a  complete 
Index.    Imp.  8to.    yt .  6d. 

BIOHp— ^«r  Tki0critm. 

OJtSAR.     Oommentarles    on   tho 

Gallic  and  CivU  Wars,  with  the  Supple- 
mentaiy  Books  attributed  to  Hirtius^  in- 
dnding  the  complete  Alexandrian,  African, 
and  Spanish  Wars.    Portrait. 

O  ATULLCrSfTlbnllas,  And  tho  Ti^ 

of  Yenus.  Tians.  with  Notes  and  Bio- 
graphical Introduction.  To  which  are 
added.  Metrical  Venioos  by  Lamb, 
Grainger,  and  others.    Frontiipieoe. 


OIGSROV  Oimtlons. 

Yonge,  B«A.    4  toIs. 


Trans,  by  C.  D. 


—  On  OimtoiT  aiid  Oimton.  With 
Letters  to  Quintns  and  Brutus.  Tkans., 
with  Notes,  V  R«v-  J-  S.  Watson,  MA. 

—  On  tl&o  Hatnro  of  tbm  Oods.  Di^i- 
natioo.  Fate,  Laws,  a  Republic,  Consul- 
ship.   Trans,  by  C.  D.  Yonge,  B  A. 


OIOBRO'B  OAoea;  or,  Moral  Duties. 
Cato  Mi^or,  an  Essay  on  Old  Age ;  Lmlins, 
an  Essay  on  Friendsnip ;  Sdpio's  Dream ; 
Paradoxes;  Letter  to  Quintns  on  Magis- 
tntes.  Trans.,  with  Notes,  by  C  R.  Ed« 
monds.    Portrait,    js.  6tL 

DEMOSTHENES'  OraUona.  Trans., 
with  Notes,  Arguments,  a  Chroooloe;ical 
Abstract,  and  Appendices,  by  C.  Rmm 
Kennedy.    5  toIs.    (One,  y.  6d  ;  four,  51.) 

OICnONART  of  LATIN  and  GREEK 

Siotations ;  including  ProTerbs,  Maxims, 
ottoes.  Law  Terms  and  Phrases.  With 
the  Quantities  marked,  and  English  Trans- 
lations. With  Index  Verborum  (69a  pages). 

DIOGENES  LAEBTIUS.    LItm  and 

Opinions  of  the  Ancient  Philosophers. 
Trans.,  with  Notes,  by  C  D.  Yonge,  B.A. 

BFICTETUS.     The    DfaoourMS    oIL 

With  the  Encheiridion  and  Fragments. 
With  Notes,  Life,  and  Yiew  of  his  Philo- 
sophy, by  George  Long,  M.A. 

EURIPIDES.  A  New  Literal  Trane- 
ktion  in  Prose.  By  E.  P.  Coleridge. 
2  vols. 

EURIPIDES.  Trans,  by  T.  A.  Buckley, 
B.A.    Portrait,    a  vols. 


AXTHOLOOT.      In   English 

Prose  by  G.  Burges,  M.A.  With  Metrical 
Yersions  by  Bland,  MeriTale,  and  ethers. 

GREEK  ROMANCES  Of  HeUodonW| 

Longns,  and  Achilles  Tatius;  vis..  The 
Adventures  of  Theagenes  and  Charidea ; 
Amours  of  Daphnis  and  Chloe;  and  Lovea 
of  Clitopho  and  Leudppe.  Trans.,  widi 
Notes,  by  Rev  R.  Smith,  MA. 

HELIODORUS.— ^M  Gmk  Romanut, 

HERODOTUS.    Literally  trans,  by  Rev. 
Henry  Cary,  M.A.    Portrait.    3* .  dif. 

HESIOD,    CALLIMACHUS,    and 

Theognis.  In  Prose,  with  Notes  and 
Biographical  Notices  oy  Rev.  J.  Benks, 
M.A.  Together  with  die  Metrical  Yer- 
sions of  I^siod,  by  Elton ;  Callimachos, 
by  Tytler;  and  Theognis,  by  Frere. 

HOMER'S  niad.    In  English  Pnae,  with 
Notes  by  T.  A  Buckley,  B.  A.    Portrait. 


meotiooed  by  Qoero. 


OdsraMJi    Hymns,    Epigrams,    and 

Battle  of  the  Frogs  and  Mice.  In  ttDslisb 
Prose,  with  Notes  and  Mem<Mr  by  T.  A. 
Buckley,  B.A 

HORACE.  In  Prose  by  Snmrt,  with  Notaa 
selected  by  T.  A  Buckley,  B.A  Por- 
trait.   V-  61^ 

JULIAN  THE  EMPEROR.  Containing 
Gregory  Maxianxea's  Two  Invectives  an« 
libanos'  Monody,  with  Julian's  Theosophi* 
cal  Works.  By  the  Rev.  C.  W.  King,  M.A« 
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BOHirS  LIBRARIES. 


JUSTDf,  COBNEIJUS  MSPOS,  and 

Eutropias.  Trans.,  with  Notes,  by  Rev. 
J.  S.  Watson,  M.A. 

JUVENAL;     PERSnrs,     8ULPICIA, 

and  Lndlios.  In  Prose,  with  Notes, 
Chronological  Tables,  Argnments,  by  L. 
Evans,  M.A.  To  which  is  added  the  Me- 
trical Version  of  Juvenal  and  Persins  by 
Gifiinrd.    Frontispiece. 


The  HlstoiT  of  Rome.    Trans, 
by  Dr.  Spillan  and  others.  4  vols.  Portrait. 

LONGUB.  DaphnisandChloe.— >S'«rO«r/fc 
Romances, 

LUGANO  Pharsalla.  In  Prose,  with 
Notes  by  H.  T.  Riley. 

IiUCIAN'S  Ualoffaea  of  the  Gods, 

of  the  Sea  Gods^  and  of  the  Dead.  Trans, 
by  Howard  Williams,  M.A. 

LUORETinS.  In  Prose,  with  Notes  and 
Biographical  Introduction  by  Rev.  T.  S. 
Watson,  M.A.  To  which  is  added  the 
Metrical  Version  by  J.  M.  Good. 

MARTIAL'S  Bpigramst  complete.  In 
Prose,  with  Verse  Translations  selected 
from  English  Poets,  and  other  sooroes. 
Dble.  vol.  (670  pages).    7*.  6d. 

MOSCHUB.— vSm  TJuocriius, 

OVID'S  Works,  complete.  In  Prase, 
with  Notes  and  Introduction.    3  vols. 

PAUSANIAS'  Description  of  Greece. 

Trans.,  with  Notes  and  Index,  by  Rev. 
A.  R.  Shilleto,  M.A.,  sometime  Scholar  of 
Trinity  College,  Cambridge.    9  vols. 

-PHALARIS.    BentleT's  Dlssertattons 

upon  the  Epistles  of  Phalaris,  Themisto- 
cfes,  Socrates.  Euripides,  and  the  Fables 
of  iEsop.  With  Introduction  and  Notes 
by  Prof.  W.  Wagner,  Ph.D. 

PINDAR.  In  Prose,  with  Introduction 
and  Notes  by  Dawson  W.  Turner.    To- 

Kther  with  the  Metrical  Version  by  Abra- 
m  Moore.    Portrait. 

nJLTO'S  Works.  Trans,  by  Rev.  H. 
Cary,  H.  Davis,  and  G.  Barges.    6  vols. 

—^  Dialogues.  A  Summary  and  Analysis 
of.  With  Analytical  Index  to  the  Greek 
text  of  modem  editions  and  to  the  above 
translations,  by  A.  Day,  LL.D. 

PLAUTUS'S  Comedies.  In  Prose,  with 
Notes  by  H.  T.  Riley,  6.A.    9  vols. 

PLINY'S  Natnral  History.  Trans., 
with  Notes,  by  J.  Bostock,  M.D.,  F.R.S., 
and  H.  T.  Riley,  B.A.    6  vols. 

FLINT.     The  Letters  of  Pliny  the 

Younger.  Melmoth's  Translation,  revised, 
with  Notes  and  short  Life,  by  Rev.  F.  C. 
T.  Bosanquet,  M.A. 


PLUTARCH'S    Morals.     Theoeophical 
Essays.    Trans,  by  Rev.  C  W.  King,  M.  A 

Ethical  Essays.     Tfsiis.   by  Rev. 

A.  R.  Shilleto,  M.A. 

Lives.   Su^agt  7. 

PROPERTIU8,  The  Elegies  of.  With 
Notes,  translated  by  Rev.  P.  J.  F. 
Gantillon,  M.A.,  with  metrical  n  iiiisii 
of  Select    Elegies   by  Nott   and   Elloa. 

QUINTILIAITS  Ihstitntes  of  Oratory. 
Trans.,  by  Rev.  J.  S.  Watsoo,  MJL 
9  vols. 

SALLUST,  FLORUS,  and  YELLBEDS 

Paterculus.    Trans.,  with  Notes  aod  Bio> 
graphical  Notices,  by  J.  S.  Watsoo,  M^ 

SENECA  DE  BENBFICHB.  Trans- 
lated by  Aubrey  Stewart,  M.A.     31.  fd, 

SENECA'S  Minor  Essays.  Translated 
by  A.  Stewart,  M.A. 

SOPHOCLES.    The  Tlragedies  of.    la 

Prose,  with  Notes,  Arguments,  and  Intro- 
duction.   Portrait. 

STRABO*S  Geography.  Tkaas.,  with 
Notes,  by  W.  Falconer,  M.A,  and  H.  C. 
Hamilton.  Copious  Index,  giving  Aadeot 
and  Modern  Names.    3  vols. 


SUETONIUS*  Lives  of  the 

Csesars  and   Lives  of  the    _   

The  Translation  <^  Thomson,  revised. 
Notes,  by  T.  Forester. 


TACITUS. 

with  Notes. 


The  Works  of. 

9  vols. 


TERENCE  and  PHSDRU8.     la 

lish  Prose,  with  Notes  and  Aigoments,  by 
H.  T.  RUey,  B.A.  To  which  b  added 
Smart's  Metrical  Version  of 
With  Frontispiece. 


Ax]^uments,  by  Rev.  J 

which  are  appended  the  Mbtricai.  Yi 

SIGNS  of  Chapman.   Portrait  of  Theocritus. 

TUUCYDIDE8.    The  Peloponnesfaa 

War.     Trans.^  with  Notes,  by  Re!V.  H. 
Dale.    Portrait    9  vols.    3*.  6«L  each. 

TYRTiEUS.— >$"««  TAeocritui. 

YIRGIL.  The  Works  of.  In  Prose, 
with  Notes  by  Davidson.  Revised^  with 
additional  Notes  and  Biographical  Notio^ 
by  T.  A.  Buckley,  B.A.    Portrait.    3*.  6di 

XENOPHON'S  Works.  T^aaa..  with 
Notes,  by  J.  S.  Watson,  M.A.,  and  Rev. 
H.  Dale.    Portrait.    In  a  vols. 


COLLEGIATE  SERIES  AND  SCIENTIFIC  LIBRARY, 
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COLLEGIATE     SERIES. 

II  Vols,  at  5^.  each*    (a/.  15J.  per  set) 


DANTB.    The  Infamo.    ProM  Tram., 
with  the  Text  of  the  Original  on  the  same 

rpe,  and  Explanatory  Notes,  by  John 
Carlyle,  M.D.    Portrait. 
«— The  Pvrgatorio.   Prose  Trans.,  with 
the  Original  on  the  same  page,  and  Ex- 
planatory Notes,  by  W.  S.  Dugdale. 


motes  00  the 
Edited  by  the 


DOBBBE'8  AdTwrMria. 
Greek  and  Latin  Classics.) 
late  ProC  Wagner,    s  vols. 

D0KALD80N  a>r.)   The  Theatre  of 

the  Greeks.  With  Supplementarv  TVeatiae 
00  the  Language,  Metres,  and  Prosody  of 
the  Greek  l>ramatists.  Mnmeroas  lUns- 
trations  and  3  PUns.  By  J.  W.  Donald- 
•00,  D.D. 

GOETHE'S  Faust.  PartL  German  Text, 
with  Hayward's  Prose  Translation  ana 
Notes.  Revised,  with  Introduction  and 
Bibliography,  by  Dr.  C.  A.  Buchheim.  55-. 

KEIQHTLBT'8  (Thomaa)  MTthology 

of  Ancient  Greece  and  Italy.  Revised  by 
Dr.  Leoohard  Schmits.    is  Plates. 


HERODOTUS,  Notes  on.    Orlguud 

and  Selected  from  the  best  Commentators. 
By  D.  W.  Turner.  M.A.    Coloured  Map. 

^—  Analyale  and  Summary  of,  with 

a  Synchronistical  Table  of  Events— T.iblet 
of  Woghts,  Measures,  Money|  and  Dis- 
tences  — an  Outline  or  the  History  nnd 
rraphy^— and  the  Dates  completedfnim 
lord,  Baehr,  &c.    By  J.  T.  Wheeler. 

MEW  TESTAMENT  (The)  In  Qreek. 
Griesbach's  Text,  with  the  Readings  of 
Mill  and  Schols,  and  Parallel  References. 
Also  a  Critical  Introduction  and  Chrono- 
logical Tables.  Two  Fac-similes  of  Greek 
Manuscripts.    650  pages,    y.  td, 

cur  bound  up  with  a  Greek  and  ^«*g»T'» 

Ijexicon  to  the  New  Testament  (aso  paget 
additional,  making  in  all  900^.    $», 

The  Lexicon  separately,  at. 

THUOTDXDES.     An    Analyalfl    and 

Summary  o£    With  Chrooologkal  Table 
of  Events,  &c.,  by  J.  T.  Wheeler. 


SCIENTIFIC  LIBRARY. 

48  Vols,  at  5x.  ecLch^  excepting  those  marked  otherwise,     (1 2/.  i<^,  per  set,) 


AOASaiZ  and  GOULD.    OntUne  of 

Comparative  Physiology.  Enlarged  by 
Dr.  wri|dit.  With  Index  and  300  Illus- 
Crative  Woodcuts. 

BOLLET*S    Mannal    of  Teehnloal 

Analyus;  a  Guide  for  the  Testing  and 
Valuation  of  the  various  Natural  and 
Artificial  Substances  employed  in  the  Arts 
and  Domestic  Economy,  founded  on  the 
work  of  Dr.  BoUey.  Edit,  by  Dr.  Paul. 
100  Woodcuts. 


BRZDGE^7ATER  TREATISES. 

—  Bell  (Sir  Charles)  on  the  Hand ; 
its  Mechanism  and  Vital  Endowments,  as 
evincing  Design.  Preceded  by  an  Account 
of  the  Autlunrs  Discoveries  in  the  Nerroot 
System  by  A.  Shaw.   Numeroos  Woodcuts. 

— —  Klrby  on  the  HIetCHnr,  HaUtii 

and  Instincts  of  Animals.    Wun  Notes  by 
T.  Rymer  Jones.    100  Woodcuts,    a  vob. 

— »  Buokland'e  Oeologr  and  Miner* 
aJoc^.  With  Additkms  by  Prof.  Owen. 
Ptm.  Phillips,  and  R.  Brown.  Memoir  of 
Bttckland.  Portrait,  a  vols.  i5#.  VoL  1. 
Text.    VoL  II.  go  large  plates  with  letterw 


BRIDQEWATER 

Ccntmned, 

—  Chalmere  on  the  Adaptation  of 

External  Nature  to  the  Moral  and  Intel- 
lectual Constitution  of  Man.  With  Memoir 
by  Rev.  Dr.  Cumming.    PortiaiL 

-^  Front's  Treatise  on  Chemlstrji 

Meteorology,  and  the  Function  of  Diges- 
tion, with  raference  to  Natural  TheologT. 
Edit,  by  Dr.  J.  W.  Griffith,    a  Maps. 

Roget's  Animal  and  Yegetabla 

PhysioTogy.  463  Woodcuts,  a  vols.  tfr. 
eacn. 

—  Kldd  on  the  Adaptation  of  Ex- 
ternal Nature  to  the  Physical  Condition  of 
Man.    3f .  td, 

CARPENTER'S  (Dr.  W.  B.)  Zoolofji 

A  Systematic  View  of  the  Structure,  Ha- 
bits, Instincts,  and  Uses  of  the  principal 
FamOies  of  the  Animal  Kingdom,  and  of 
the  chief  Forms  of  Fossil  Remains.  R» 
vised  by  W.  S.  Dallas,  F.L.S.  Numerous 
Woodcuts,    t  vols.    6r.  each. 


—  Mechanical  Phllosoph7|  asu-o- 
nomy,  and  Horology.     A  Popular  Expo- 
i8z  Woodcuts. 
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BOHirS  LIBRARIES. 


OABPENTER'S  Worln. 

^—  Vegetable  PhTalolonf  ab<1  07*" 
temaiic  Botany.  A  complete  Introdnctioa 
tp  the  Knowledge  of  Plants.  Revised  by 
£.  Lankester,  M.D.,  &c.  Nameroiis 
Woodcuts,    ts. 


— -  Animal  Phyetology* 
tioo.    300  Woodcuts.    6s. 


Revised  Edi. 


OHBVREUL  on  Colour.  Containing 
the  I^rinciples  of  Hannony  and  Contiast 
of  Coloon,  and  their  Application  to  the 
Arts ;  inclndiog  Painting,  Decoration, 
Tapestries,  Carpets,  Mosaics,  Glazing, 
Staining,  Calioo  Printing,  Letterpress 
Piruiting,  Map  Colouring,  Dress,  Land- 
sGue  and  Flower  Gardening,  &C.  Trans. 
byC.  Martel.    Several  Plates. 


—  With  an  additional 
in  Colours,  7X.  td. 


series  of  16  Plates 


1'8   HUrtoTT  of  Mafflo. 

Trans,  by  W.  Howitt.  With  an  Appendix 
of  the  most  remarkable  and  best  authenti- 
cated Stories  of  Apparitiaas,  Dreams, 
Second  Sight,  Table-Tnming,  and  Spirit- 
RapiMng,  &C.    a  vols. 


Szport' 

\     Being 
Study  dt 


BOa€P8  (  Jabes)  Elements  of 
mental  and  Natural  Philosophy, 
an  Easy  Introduction  to  the  Study^ 
Mediamcs,  Pneumatics,  Hjrdrostatics, 
Hydnmlics,  Acoustics,  Optics.  Caloric, 
Etectridtv,  Voltaism,  ano  Magnetism. 
400  Wooocnts. 

HUlIBOU>T'8  Coemoe;  or,  Sketoh 

of  a  Physical  Description  of  the  Univene. 
Thas.  by  B.  C.  Ott<,  B.  H.  Pnnl,  and 
W.  S.  Dallas,  F.L.S.  Portrait  5  vols, 
y.  6dL  each,  excq>ting  voL  v.,  5f. 

—  PenonalNarrative  ofhlsTraTOlB 
in  America  during  the  years  1799-1804. 
Tkans.,  with  Notes,  by  T.  Ross.    3  vob. 

•— ~  YlewB  of  Nature ;  ori  Oontem- 

riations  of  the  Sublime  Phenomena  of 
Creation,  with  Scientific  lUnstratioos. 
Trans,  by  E.  C.  Ott£. 

BUNT'S  (Robert)  Poetry  of  Solenoe  8 

or,  Studies  of  the  Phjrsical  Phenomena  of 
Nature.  By  Robert  Hunt,  ProiSBsaor  at 
the  School  of  Mines. 

JOTOB'B    Solentlflc    Dlalognea.    A 

Familiar  Introduction  to  the  Arts  and 
Sciences.  For  Schook  and  Young  People. 
Nomerous  Woodcuts. 


JUEZS-BROWNE'S  Stmdent's  Hand- 
book of  Physical  Geokwy.  By  A.  J. 
Jukes-Browne^  of  the  Gedoeical  Survey  of 
England.  With  numerous  I>iagrams  and 
Hlostimtioos,  6c. 


J  U JUS8-BROWNE*8  Works.— C««/. 

The  8tndenfe    Handbook    of 

Historical  Geology.  By  A«  J.  Jnleea- 
Brown,  B.A.,  F.G.S.,  of  the  GcoUnri 
Survey  of  England  and  Wales;.  WiA 
numerous  Diagrams  and  Illustnitioas.    tic 

—  The  Bnlldlns  of  the  BrltlA 
Islands.  A  Study  in  Geographical  Evob- 
tion.  By  A  J.  Jokes-Browne,  F.G.Sb 
js.  &/. 

KNIOHT*8  (Charles)  KnowledM  Is 
Power.  A  Popular  afanual  of  POoticri 
Economy. 


IntrcHlactlon  to 

With  a  Grammar  of 

fas  calculating  Nativities,  by 


[J^   Ohr.)   Qeologioal    B» 

cursions  through  the  Isle  of  Wight  a^ 
aloi^the Dorset  Coast.  Numeraoa  Wood- 
cuts and  Geok^iical  Map. 

—  PelrlAustlMis  and  their 
ings.    Handbook  to  Uie  Organk: 
in  the  British  Museum.    Numeroos  Woed- 
Cttts.    6f. 

—  'Wonders   of    Oeologj :    ar«   a 

Familiar  Esqiositioa  of  GeSogibd 


A  obloored  Geological  Map  ef 
England,  Plates,  and  aoo  Wooicota.  a 
vols.  7X.  6dL  each. 

80HOUW8  Earthy  Plants,  and. 
Popular    Pictures  of  Nature.    And 
bell's  Sketches  from  the  Mineral 
Trans,  bj  A.  Henfrey,  F.R.S. 
BCap  of  tne  Geography  of  Phnts. 


'S  (Ffe)  Geolocy  and  Bcslp- 

tore ;  or,  the  Rdatka  between  tlieScriBlani 
and  Geological  Science.    With  Memoir. 

8TANIXTV  daaslfled  Synopsis  of 

the  Principal  Painters  of  the  Di^d&  sad 
Flemish  Schools,  including  an  Aoooont  of 
some  of  the  early  German  MatffCT.  ^ 
Geoige  Stanley. 

STAUNTON^   Chess    Works.  — 5te 
^agg  ax. 


STOCKHARDT'S 

Chemistrr.     A  Handbook 
of  the   Sdenoe  by  simple 
Edit,  bf  C  W.    Heaton,   F.CS. 
meroos  Woodcuts. 


ntal 
tfaa  Siadf 
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URBT8  (Dr.  A.)  Cotton  KannlkMCiire 
of  Great  Britain.  systematicaUy  invcid- 
nted ;  with  an  Introductory  View  of  ill 
Com|Mumtive  Stats  in  Foreign  CoBUbtics. 
Revised  by  P.  L.  SimmoadbT  150  Ilk» 
tntioos.    a  vols. 

Philoaophy   of  MannftMtarsst 

or  an  Expositian  of  the  Scientific,  Maaj; 
and  Commefdal  Economy  of  the  Fadon 
System  of  Great  Britain.  Revised  by 
P.  L.  Simmoods.  Numeroos  ~' 
800  pages,    js.  6d. 


RBFERENCE  LIBRARY, 
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ECONOMICS  AND   FINANCE. 

5  Volumes,    {iL  2s,  per  set,) 

BnMABT*B  HlatoiTi  PrtnoipleSi  and  Pr«ettoe  of  Banklnff.    Revised  to  zUi  Vy 
A.  S.  Michie,  of  the  Royml  Bank  of  ScodaiuL    Portnut  of  Gilbvt.    t  toIs.    lor. 

BICARDO  on  the  Principles  of  Political  Economy^  and  Taxation.    Bdited 
by  E.  C.  K.  Gooner,  M.A.,  Lectnrert  University  Collegei  Liverpool,    ss, 

SMITH  (Adam).     Tbe  Wealth  of  Nations.    An  Inquiry  into  the  Nature  and 
Causes  of.    Edited  by  E.  Belfort  Bax.    a  vols.    71. 


REFERENCE   LIBRARY. 


32  Volumes  at  Various 

BLAIR'S  Chronological  Tables. 
ConqjMiehending  the  Chronology  and  His- 
tory of  the  World*  from  the  Earliest  Times 
to  the  Russian  Treaty  of  Peace,  April  1856. 
By  J.  W.  Roase.    800  pages.    los . 


-^  Index  of  Dates.  Comprehending 
the  princmal  Factt  m  the  Chrooology  and 
History  of  the  World,  from  the  Earliest  to 
the  Present,  alphabetically  arranged ;  being 
a  complete  Index  to  the  foregoing.  By 
J.  W.  Kosse.    a  vols.  5«.  each. 

BOHITS  DlotlonaiT  of  <|aotations 

from  the  English  PoeU.  4th  and  cheaper 
Edition.    6s. 

BOND*8  Bandy-book  of  Bnles  and 

Tables  for  Verifiring  Dates  with  the  Chris- 
tian Era.    4th  Edition.    51. 

BUCHANANS  OicUonar/  of  Solenoe 

and  Technical  Terms  used  m  Philosophy, 
Literature,  Professions,  Commerce,  Arte, 
and  Trades.  By  W.  H.  Buchanan,  with 
Supplement.  E<uted  by  Jas.  A.  Smith.  6$, 


Prices,    {SI  p,  per  set,) 

BPIGRABIMATIflTS  (TheV    ASeleo- 

tsoo  from  the  Epigrammatic  Literature  «f 
Ancient,  Medieval,  and  Modem  Times. 
With  Introduction,  Notes,  ObservatioBS, 
I]lnstTatioo&  an  Appendix  on  Works  coa> 
nected  with  Epigrammatic  Literature, 
by  Rer.  H.  Dodd,  M.A.    6$, 


OHROMICLBS  OF  THB  TOKBS.    A 

Select  Collectioa  of  Epitaphs,  with  Essav 
00  Epitaphs  and  Obaervationa  on  Sepul- 
chral Antiouities.  By  T.  J.  Pettigrew, 
F.R.S.,  F.S.A.    5«. 


Heraldry. 

950  Illustrations. 


aoj^  Introdnotion 

Revised  1 


J.  R.  Planch6. 


to 

5«. 


IVWk  tie  lOmeiraiims  cotomned^  15*. 

COIN81  Manual  ot,'^ee  Hu$mpkre^ 

COOPER'S  Biofpraphioal  Dictionary. 
Contaiaiiq[  concise  notice*  of  upwards  of 
25,000  enunent  persona  of  all  ages  and 
countries,    a  vols.    5«.  each. 

DATES,  nudez  9/L-^ee  Blmir. 

OIOnONART  ef  ObsoleU  and  Pro- 
vincial Bnfljish.  Containing  Words  from 
ff^gW***  Writers  previous  to  the  19th 
Century.  By  Thomas  Wright,  M.A., 
F.S.A.,  &C.    a  vols.  51.  each. 


»,  Handbook   ofL     Edited 
Henry  G.  Bohn.     Numerous 
5f.    {See  aU0page  ax.) 

HENFRET'S  €hiide  to  English 
Coins.  Revised  Edition,  by  C  F.  Keavy, 
M.A.,  F.S.A.  With  an  Historical  Intro- 
duction.   6f. 

HUMPHREYS'    Coin    CoUeoton^ 

Mamial.  An  Historical  Account  of  the 
Progress  of  Coinage  from  the  F.aTKfst 
Time,  by  H.  N.  Hum^irejrB.  140  Illus- 
a  vols.  51.  each. 


LO  WHDES*  BibUocrapher's  Maaoal 

of  English  Literature.  Containing  an  Ac- 
count of  Rare  and  Curious  Bo<mcs  pul^ 
lishad  in  or  relating  to  Great  Britain  and 
Ireland,  from  the  Invention  of  Printing, 
with  Biographical  Notices  and  Prices, 
by  W.  T.  Lowndes.  Revised  Edition  by 
H.  G.  Bohn.  6  vols,  cloth,  5^.  each,  or  in 
4  vols.,  half  morocco,  a/,  af . 

MEDICINE,  Handbook  of  Domestiei 

Popolariy  Arranged.  By  Dr.  H.  Davies. 
700  pages.    5f. 

VOTED     NAMES     OF     FICTION. 

Dictionary  of.  Including  also  Familiar 
Paeudooyms,  Surnames  bestowed  on  Enu- 
nent Men,  ftc  By  W.  A.  Wheeler,  M.  A.  5*. 

POLITICAL     CTCLOPiBDIA.      A 

Dictionary  of  Political,  Constitutional, 
Statisdcal,  and  Forensic  Knowledgo ; 
forming  a  Work  of  Reference  00  sokjoeis 
ofCivifAdministration,  PoUtical  EoeswaKy. 
Finance,  Commerce,  Laws,  and  Sodal 
Relations.    4  vols.  3f.  UL  eadi. 


BOHirS  LIBRARIES. 


PROVERBS,  Handbook  of.  Coo- 
taining  an  entire  ReDublication  of  Raj^s 
C«Uecd(Hi,  with  Additions  from  Foreign 
Langnages  and  SayingSi  ScntenceSi 
Maxims,  and  Phxases.    51. 

—  A  PolyKlot  of  Foreign.  Com- 
wising  Frendi,  Italian,  Gennan,  Datdi, 
Spanisn,  Portoguese,  and  Danish.  With 
Knglish  Translations.    51. 
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BTNONTMS  and  Ji.n  a  vn  >  mua  y  SKI 
Kindred  Words  and  their  Oppositct,  Col- 
lected and  Contrasted  by  Veo.  C  J. 
Smith,  M.A.    5«. 


WRIGHT  (Th.)— 5'M 


—    Ceci^'A.      With 
Notes  by  A.  R.  Ellis. 


Introductior    and 
a  vols. 


DE  STaSL.  Corlnne  or  Italy. 
By  Madame  de  StaSl.  Translated  by 
Emily  Baldwin  and  Paulina  Driver. 


I*  Ejryptlan  Prlnceifl. 
by  Emma  Buuxheim. 


Trans. 


NOVELISTS'   LIBRARY. 

13  V^Htna  ai  3J.  6</.  tack^  excepting  those  marked  otherwise,   (2/.  8j.  6d,per  set,) 

BJORNSOITS  Ame  and  the  Fialier 
Lassie.  Translated  from  the  Norse  with 
an  Introduction  by  W.  H.  Low,  M.A. 

BURNET'S  Evelina ;  or,  a  Yonu; 
Lady's  Entrance  into  the  World.  By  F. 
Bumey  (Mni«.  D'ArUay).  With  Intro- 
duction and  Notes  by  A.  R.  Ellis,  Author 
of 'Sylvestra,'  &C. 


FIELDING'S  Joseph 

his  Friend  Mr.  Abraham  Adams.  With 
Roscoe's  Biography.  Crmkskamk't  lOm" 
iratumt. 

—  Amelia.  Roscoe's  Editioo,  revlMd. 
Cr$akshaMJk's  lUustrmti^ns*    sr. 

—  History  of  Tom  Jones*  a  Found* 
ling.  Roscoe's  Edition.  Cruikshamift 
ftSutratictu.    2  vols. 

GR088F8    Maroo    TleoontL     Tknai. 

by  A.  F.  D. 

MANZONL    The  Betrothed; 

a    Translation   of    'I    Promessi 
Numerous  Woodcuts,    z  voL    sf  • 

8TOWE  (Urs.  H.  B.)     Uncle 
Cabin ;  or.  Life  among  the  Lowly.    8  lull- 
page  Illttstrations. 


ARTISTS*   LIBRARY. 

9  Volumes  at  Various  Prices,    {2L  %s,  6d.  per  set.) 


BELL  (Sir  Charlee).  The  Anatomy 
and  Pnilosophy  of  Expression,  as  Con- 
nected with  the  Fine  Arte.  $$.  Illustrated. 

DKWTMTN.  EOstory  of  Arnu  and 
Armour  from  the  Earliest  Period.  Br 
Attguste  Demmin.  Trans,  by  C.  C, 
Bu^,  M.A.,  Assistant  Keeper,  S.  K. 
Museum.    1900  Illustrations,    js,  64. 

FAIRHOLT'8  Costvme  in  England. 
Third  Edition.  Enlarged  and  Revised  by 
the  Hon.  H.  A.  Dillon,  F.S.A.  With 
more  than  700  Engravings,  a  vols.  5«. 
each. 
Vol.  I.  History.    Vol.  II.  Glomiy. 

FLAZMAN.   Leotnrea  on  Sonlptnre. 

With  Three  Addresses  to  the  R.A.  by  Sir 
R.    Westmaoott,  R.A..  and    Memoir   of 
Portrait  and  53  Plates.    6f. 


BEATON'S    Conclie   Hiat<iry   of 

Painting.      New    Edition,    revised    by 
W.  Cosmo  Monkhouse.    $£. 


ON    PADnmrO  \j  the 

Royal  Academicians,  Bazry,  Opie,  Faaafi. 
With  Introductory  Essay  and  Notes  by 
R.  Womum.    Pomait  of  FnselL    5c. 


LEONARDO   DA   VINCrS 

on  Painting.  Trans,  by  J.  F.  Ruraod,  RJL 
With  a  Life  and  an  Account  ofnis  Wofla 
by  J.  W.  Brown.  Numerous  Plates.  51. 

PLANCHE'8   metory   of   Britlah 

Costume,  from  the  Earliest  Time  to  the 
xoth  Century.     By  J.  R.  PlaocfafC 
Illnstntioiis.    s«< 
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LIBRARY    OF    SPORTS    AND    GAMES. 

14  Voluntes  at  y,  6d.  and  51.  each,    (2L  i8j.  per  set,) 


BOWSPB    Handbooks    of    Athletlo 

Sports.  With  numerous  Illustrations.  In 
8  vols.    31.  6d.  eacb. 

Vol.  I.— Cricket,  by  Hon.  and  Rev.  E. 
Lyttelton ;  Lawn  Tennis,  by  H.  W.  W. 
Wilberforce ;  Tennis,  Rackets,  and  Fives, 
by  Julian  Marshall,  Major  Spens,  and  J.  A. 
Tait ;  Golf,  by  W.  T.  Linskill ;  Hockey, 
by  F.  S.  Creswell. 

Vol.  II.— Rowing  and  Sculling,  by  W. 
a  Woodgate  ;  Sailing,  by  E.  F.  Knight ; 
Swimming,  by  M.  and  J.  R.  Cobbett.    , 

Vol.  III.— Boxing,  by  R.  G.  Allan^n- 
Winn  ;  Broad-sword  and  Single  Stick,  &c., 
by  R.  G.  Allanson-Winn  and  C.  Phillipps- 
Wolley :  Wrestling,  by  Walter  Armstrong ; 
Fencing,  by  H.  A.  Colmore  Dunn. 

Vol.  IV.— Rugby  Football,  by  Harry 
Vassall :  Association  Football,  by  C.  W. 
Alcock ;  Baseball,  by  Newton  Crane ; 
Rounders,  Field  Ball,  Baseball-Rounders, 
Bowls,  Quoits,  Curling,  Skittles,  &c.,  by 
J.  M.  Walker,  M.A.,  and  C.  C.  Mott. 

Vol.  v.— Cycling  and  Athletics,  by  H.  H. 
Griffin ;  Skating,  by  Douglas  Adams. 

Vol.  VI.— Practical  Horsemanship,  in- 
cluding Riding  for  Ladies.  By  W.  A. 
Kerr,  V.C. 

Vol.  VII.— Driving,  and  Suble  Manage- 
nent.    By  W.  A.  Kerr,  V.C.  \Preparing. 

VoLVIII.— Gymnastics,  by  A.  F.  Jenkin; 
Clubs  and  Dumb-bells,  by  G.  T.  B.  Cobbett 
and  A.  F.  Jenkin.  [/»  tht  prtu, 

BOHITS  Handbooks  of  Games.  New 
Edition,  entirely  rewritten,  a  volumes. 
3r.  6i/.  each. 

Vol.  I.  Table  Gambs. 

Contents :— Billiards,  with  Pool,  Pyra- 
mids, and  Snooker,  by  Major-Gen.  A.  W. 
Dfmyaon,  F.R.A.S.,  with  a  preface  by 
W.  J.  Peall— Bagatelle,  by  *  Berkeley  '— 


Chess,  by  R.  F.  Green — Draughts,  Back- 
gammon, Dominoes,  Solitaire,  Reverri, 
Go  Bang,  Rouge  et  noir.  Roulette,  E.O., 
Hazard,  Faro,  by  '  Berkeley.' 

VoL  II.  Card  Games. 

Contents :— Whist,  by  Dr.  William  Pole, 
P.R.S.,  Author  of  *The  Philosophy  of 
Whist,  &c'— Solo  Whist,  and  Poker,  by 
R.  F.  Green;  Piquet,  Ecart6,  Euchre, 
B^que,  and  Cribbage,  by  '  Berkeley ; ' 
Loo,  Vingt-et-un,  Napoleon,  Newmarket, 
Rouge  et  Noir,  Pope  Joan,  Speculation, 
&c.  &c.,  by  Baxter-Wray. 

CHB88  COKOBBSS  of  1862.  A  col- 
lection  of  the  games  played.  Edited  by 
J.  LOwenthal.    New  edition,  s*. 

MORFHY'8  Gamsa  of  Chessi  bolng 
th«  Matches  and  best  Games  played  by  the 
American  Champion,  with  explanatory  and 
analytical  Notes  by  J.  LOwenthal.  With 
short  Memoir  and  Portrait  of  Morphy.    sr. 

STAUNTON'S  OhSM-Player's  Hand- 
book. A  Popular  and  Sdentific  Intro- 
duction to  the  Game,  with  namerotM  Dia- 
grams.   5f. 

-^  Ohess  Prazla.  A  Supplement  to  tha 
Chess-player's  Handbook.  Containing  the 
most  important  modem  Improvements  in 
the  Openings ;  Code  of  Chos  Laws  ;  and 
a  Selection  of  Morphys  Games.  AnnotetedL 
^36  P<4cs*    Diagrams.    5/. 

—  Ohess-Playar's  Gompanloa. 
Comprising  a  Treatise  on  Odds,  CoUectioa 
of  Match  Games,  including  the  French 
Match  with  M.  St.  Amant,  and  a  Selection 
of  Original  Problems.  Diagruns  and  Co- 
loured Frontispieoe.    Sf . 

—  Chass    Tonmament    of    18S1. 

A  CoUectioa  of  Games  played  at  this  oda- 
brated  assemblage.  With  Introdnctko 
and  Notes.    NomenNis  Diagruns.    $«. 
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BOHN'S  CHEAP  SERIES. 

Price  IX.  eoih. 

A  Series  of  Complete  Stories  or  Essays^  mostly  reprittteJ  from   Vols,  in 

Bohn*s  Libraries^  and  neatly  bound  in  stiff  paper  cffoer^  with 

cut  ec^s^  suitable  for  Railway  Reading, 


ASCHAM  (Roger). 
By  Professor  Mayor. 


Scholemarter. 


CARPENTER  (Dr.  W.  B.).     Pbyil- 
ology  of  Temperance  and  Total  Abstinence. 


EMERSON.    England  and  English 

Chaiacteristics.  Lectures  on  the  Race, 
Ability,  Manners,  Truth,  Chaxacter, 
Wealth,  Retigion.  &c  &c. 

—  Nature :  An  Essay.  To  which  are 
added  Orations,  Lectures,  and  Addresses. 

Representative  Men :  Seven  Lec- 
tures on  Plato,  Swedbnborg,  Mon- 
taigne, Shakbspbarb,  Napoleon,  and 

GOBTHB. 

—  Twentj  Essays  on  Tarions  Sab* 

jects. 

—  The  Condnot  of  Life. 

FRANKLIN  (Benjamin).  Antobio- 
gzaphy.    Edited  by  J.  Sparks. 

HAWTHORNE  (Nathaniel).  Twioe- 
told  Tales.    Two  Vols. 

— —  Snow  Image,  and  Other  Tales. 

— —  Scarlet  Letter. 

— -  HoQse  with  the  Seven  Gables. 

—  mransfbrmation ;  or  the  Marble 
Fawn.    Two  Parts. 

HAZUTT  (W.).  Table-talk:  Essays 
on  Men  and  Manners.    Three  Parts. 

—  Plain  Speaker :  Opinions  on  Books, 
Men,  and  Things.    Three  Parts. 

—  Lectures  on  the  English  Comic 

Writers. 

'— -  Lectures  on  the  English  Poets. 

— >  Lectures  on  the  Characters  of 
Shakespeare's  Plays. 

Lectures  on  the  Literature  of 

the  Age      Elizabeth,  chiefly  Dramatic. 


IRVtNO    C^ashington).     Lives   of 
Successors  of  Mduunmed. 

^—  LifB  of  Goldsmith. 

Sketch-book. 

Tales  of  a  Traveller 

—  Tour  on  the  Prairies 

Conquests     of    Granada    and 

Spain.    Two  Parts. 

— ~-  Lifb  and  Voyages  of  Columbus. 

Two  Parts. 

Companions  of  Columbus :  Their 

Voyages  and  Discoveries. 

— -  Adventures  of  Captain  Bonne- 
ville in  the  Rocky  Mountains  and  the 
West. 

B:hiekerbocker*sffistoryofNew 

York,  from  the  beginning  of  the  World  ts 
the  £nd  of  the  Dvtch  Dynasty. 

Tales  of  the  Alhambra. 

Conquest  of  Florida  under  Her- 
nando de  Soto. 

—>  Abbotsford  ft  Newstead  Abbey. 

Salmagundi ;  or,  The  Whim-Whaau 

and  Opinions  of  Launcslot  Langstaff, 
Esq. 

Braoebridge  Hall;  or.  The  Ha- 

mourists. 

^  Astoria ;  or.  Anecdotes  of  an  EBter- 

prise  beyond  the  Rocky  Moonlains. 

—  Wolibrt's  Roost,  and  other  Tales. 


LAMB  (Charles). 
With  a  Portrait. 


Essays  of  SUa. 


Last  Essays  of  Elia. 
EUana.    With  Memoir. 


BSARRTAT  (Captain).  Pirate  and 
the  Three  Cutters.  With  a  Memoir  ef 
the  Authm:. 


Bohn's  Select  Library  of  Standard  Works. 

Price  IS,  in  paper  covers,  and  ix.  6d.  in  cloth. 

1.  Bacon's  Essays.    With  Introduction  and  Notes. 

2.  Lessing's  Laokoon.    Beasley's  Translation,  revised,  with  Intro- 

duction, Notes,  ftc,  by  Edward  B«U,  M.A.    With  Frontispiece. 

3.  Dante's  Inferno.    Translated,  with  Notes,  by  Rev.  H.  F.  Gary. 

4.  Goethe's  Faust.    Part  I.    Translated,  with   Introduction,  by 

Anna  Swanwick. 

5.  Goethe's  Boyhood.    Being   Part    I.    of  the   Autobiography 

Translated  by  J.  Oxenford. 

6.  Schiller's  Mary  Stuart  and  The  Maid  of  Orleans.  Trans- 

lated  by  J.  Mellish  and  Anna  Swanwick. 

7.  The  Queen's  English.    By  the  late  Dean  Alford. 

8.  Life  and  Labours  of  the  late  Thomas  Brassey.     By  Sir 

A.  Helps,  K.C.B. 

9.  Plato's  Dialogues  :  The  Apology— Crito — Phaedo— Protagoras. 

With  Introductions. 

10.  MoLiiRE's  Plays:  The  Miser— TartufFe— The  Shopkeeper  turned 

Gentleman.    Translated  by  C.  H.  Walt,  M.A.    With  brief  Memoir. 

11.  Goethe's  Reineke  Fox,  in  English  Hexameters.    By  A.  Rogers. 

12.  Oliver  Goldsmith's  Plays. 

13.  Lessing's  Plays  :  Nathan  the  Wise— Minna  von  Bamhelm. 

14.  Plautus's  Comedies:  Trinummus  —  Menaechmi  —  Aulularia — 

Captivi. 

15.  Waterloo  Days.    By  C.  A.  Eaton.    With  Preface  and  Notes  by 

Edward  Bell. 

16.  Demosthenes— On   the   Crown.     Translated   by   C.    Rann 

Kennedy. 

17.  The  Vicar  of  Wakefield. 

18.  Oliver  Cromwell.    By  Dr.  Reinhold  Pauli. 

19.  The  Perfect  Life.    By  Dr.  Channing.    Edited  by  his  nephew, 

Rev.  W.  H.  Channing. 

20.  Ladies  in  Parliament,  Horace  at  Athens,  and  other  pieces, 

by  Sir  George  Otto  Trevelyan,  Bart. 

21.  Defoe's  The  Plague  in  London. 

22.  iRviNG's  Life  of  Mahomet. 

23.  Horace's  Odes,  by  various  hands.  [Oui  of  Print. 

24.  Burke's  Essay  on  'The  Sublime  and  Beautiful.'    With 

Short  Memoir. 

25.  Hauff's  Caravan. 

26.  Sheridan's  Plays. 

27.  Dante's  Purgatorio.    Translated  by  Cary. 

28.  Harvey's  Treatise  on  the  Circulation  of  the  Blood 

29.  Cicero's  Friendship  and  Old  Agk 

30.  Dante's  Paradiso.    Translated  by  Cary. 

31.  Chronicle  of  Henry  VIII.    Translated  by  Major  M.  A.  S. 

Hume. 


The  only  authorized  and  complete  'Webster.' 
WEBSTER'S   INTERNATIONAL   DICTIONARY. 


An  entirely  New  Edition^  thoroughly  Revised^  considerably  Enlarged^ 

and  reset  in  New  Type. 

Medium  ^to,  2 iiZ  pages ^  3500  illustrations. 

Prices:  Cloth,  £1  zzs.  6d. ;  half-calf,  £2  as.;  half-nissia,  £z  58.; 
calf,  £a  8s.      Also  in  2  vols,  cloth,  £z  148. 

In  addition  to  the  Dictionary  of  Words,  with  their  pronunciation,  ety- 
mology, alternative  spellings,  and  various  meanings,  illustrated  by  quotations 
and  numerous  woodcuts,  there  are  several  valuable  appendices,  comprising  a 
Pronouncing  CJazetteer  of  the  World ;  Vocabularies  of  Scripture,  Greek,  Latin, 
and  English  Proper  Names ;  a  Dictionary  of  the  noted  Names  of  Fiction ;  a 
Brief  History  of  the  English  Language ;  a  Dictionary  of  Foreign  Quotations, 
Words,  Phrases,  Proverbs,  &c.  ;  a  Biographical  Dictionary  with  10,000 
Names,  &c. 

This  last  revision,  comprising  and  superseding  the  issues  of  1S47,  1864, 
and  1880,  is  by  far  the  most  complete  that  the  Work  has  undergone  during 
the  sixty-two  years  that  it  has  been  before  the  public.  Every  page  has  been 
treated  as  if  the  book  were  now  published  for  the  first  time. 


SOME  PRESS  OPINIONS  ON  THE  NEW  EDITION. 

^  We  believe  that,  all  things  considered,  this  i^ill  be  found  to  be  the  best 
existing  English  dictionary  in  one  volume.  We  do  not  know  of  any  work 
similar  in  size  and  price  which  can  approach  it  in  completeness  of  vocabulaiy, 
variety  of  information,  and  general  usefulness.* — Guardian, 

*  The  most  comprehensive  and  the  most  useful  of  its  kind.' — National 
Observer, 

*A  magnificent  edition  of  Webster's  immortal  Dictionary.*  —  Dailj 
Telegraph, 

'  A  thoroughly  practical  and  useful  dictionary.* — Standard, 

*  A  special  feature  of  the  present  book  is  the  lavish  use  of  engravinp[s, 
which  at  once  illustrate  the  verbal  explanations  of  technical -and  scientific 
terms,  and  permit  them  to  remain  readably  brief.  It  may  be  enough  to  refer 
to  the  article  on  **  Cross."  By  the  use  of  the  little  numbered  diagrams  we  are 
spared  what  would  have  become  a  treatise,  and  not  a  very  clear  one.  .  .  . 
We  recommend  the  new  Webster  to  every  man  of  business,  every  father  of  a 
fiaimily,  every  teacher,  and  almost  every  student — ^to  everybody,  in  fact,  who  is 
likely  to  be  posed  at  an  unfamiliar  or  half-understood  word  or  phrase.* — 
Si,  fame^s  Gazette, 

Prospectuses,  with  Specimen  Pages,  on  appliceUion,       -^ 
London :  GEORGE  BELL  &  SONS,  York  Street,  Covent  Garden. 


